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BRIEF FOR APPELLANT 



This brief is filed in support of Applicants' Appeal from the rejection mailed July 11, 
2005.^ Consideration of the application and reversal of the rejections are respectfully urged. 

Real Party in Interest 

The real party in interest is Sloan-Kettering Institute for Cancer Research 

Related Appeals and Interferences 

To Applicants' knowledge, there are no related appeals or interferences now pending. A - 
prior Appeal was filed in this case, but the rejection was withdrawn upon filing of an Appeal 
Brief. 

Status of Claims 

Claims 3, 4, 6 and 9-34 are pending in this application and are rejected. Claims 1, 2, 5, 7 
and 8 have been canceled. No other claims have been presented. 



Although the rejection of July 11, 2005 is not a final rejection, claims in this 
application have been twice rejected, and the requirements for filing an Appeal as 
set forth in 37 CFR 41.31(a) are met. 



- 1 - 



Application Serial No. 09/937,192 
Brief for Appellant 

Status of Amendments 

No amendments after final have been made. All amendments made in this case have been 
entered. 

Summarv of Claimed Subject Matter 

As set forth in claim 3, the present application relates to: 

A chemical compound comprising first and second hsp-binding moieties which 
bind to the pocket of hsp90 with which ansamycin antibiotics bind, said binding 
moieties being connected to one another by a linker, wherein the first and second 
hsp-binding moieties are each an ansamycin antibiotic and retain the ability in the 
chemical compound to bind to the pocket of hsp90. 

Ansamycins are a known class of antibiotics that bind to a specific pocket of the chaperone 
protein hsp90. (Specification, page 1, lines 26-28). The composition of the present invention 
have two ansamycin moieties which interact this pocket of hsp90 and can thus be considered as 
dimers (homo- or hetero-). (Page 1, lines 1-3, Page 3, lines 14-20). 

In the compound as defined in claim 3, the two ansamycin antibiotics are joined by a 
linker. The linker may be of varying lengths, and may include substituents such as amines, or 
double or triple bonds. (Page 4, lines 14-19). Specific example of linkers include alkyl chains 
of 4 to 12 carbons as shown in Table 1 (Page 6) and aryl linkers, and N-methyl amino linkers as 
shown in Fig. 1. Synthesis of such compounds is described in Fig. 1 and Example 1. 

The compositions of the invention are useful in the destruction of cells expressing a 
HER-family tyrosine kinase (claim 12, Page 4, lines 29-31), and in the treatment of cancer (claim 
13,) particularly in cancers that over-express a HER-family kinase. (Claim 30). (See, 
specification, Page 3, lines 17-28, Page 8, lines 1-25 and examples 2-5). 
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Grounds of Rejection to be reviewed on Appeal 

Claims 3, 4, 6 and 9-34 stand rejected under 35 USC § 112, first paragraph, as lacking 
enablement. 

Claims 3, 4, 6 and 9-34 stand rejected under 35 USC § 112, second paragraph, as 
indefinite. 

Argument 

1. The Enablement Rejection 

Claims 3, 4, 6 and 9-34 stand rejected for lack of enablement. In making this rejection, 
the Examiner has paid no attention to the scope of the individual claims or the arguments 
presented, but has treated all claims as a group. This is improper, since the rejection plainly 
cannot apply to all of the mentioned claims. 

A. Claims 10 and 1 1 are composition claims within the scope said to be enabled . 

The Examiner acknowledges that the present specification is enabling for the 
"geldanamycin dimer, wherein the linker is -(CH2) 4. ^ and bonded to the 17-carbon of each 
geldanamycin, to treat breast cancer." (Office Action, page 2). Given this acknowledgment, the 
rejection of claims 10 and 11, which are compositions claims (and therefore not dependent on 
any particular use) and which specifically fall within the scope that the Examiner says are 
enabled, is clearly in error and suggests that the Examiner has failed to give due consideration to 
the claims and the application. 

The Examiner also asserts a lack of enablement without identifying the claims rejected on 
this ground because "the specification does not provide enablement for the treatment of cancer 
generally." This ground for rejection cannot be applied to composition claims. 

Accordingly, the rejection under 35 USC § 1 12, first paragraph, for lack of enablement 
should be reversed with respect to claims 10 and 11. 
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B. Composition Claims 3, 4, and 6 

Claims 3, 4, 6 and 9 are also composition claims, but they are broader in scope than 

claims 10 and 11. The argument with respect to enablement of treatment of cancer generally 

cannot apply to these claims, and therefore the only arguments of relevance to these claims are 

those made in connection with the composition claims. The Examiner refers to and incorporates 

the Official Action of June 25, 2004, and argues that "determining the compound claimed would 

require synthesis of millions of compounds and testing each to determine whether the compounds 

falls within the scope of claim 1." In prior Office Action the Examiner made the same 

statement, and Applicants responded 

The Examiner on page 9 of the official action [argues] that "the breadth of the 
claims includes billions of compounds with radically diverse structures which 
bind to the pocket of hsp90." Applicants challenge the Examiner to support this 
statement with compounds that don't venture into the absurd. The parts of the 
claims that the Examiner has omitted from his characterization specify that the 
molecule contains two ansamycin antibiotic moieties. The Examiner has not 
established that this is class containing a multiplicity of compounds of diverse 
structure as the Examiner argues. 

(Amendment filed December 27, 2004) In response to this, the Examiner did not provide a 
reasoned basis for his allegation or argument.^ He did not establish that ansamycin antibiotics 
are a diverse groups of compounds of diverse structure. This being the case, the Examiner's 
position is nothing more than an unsupported allegation which should carry no weight in 
assessing enablement. 

The Examiner also stated in the Official Action of June 25, 2004 (page 8), that "the 
direction concerning how to make the claimed compounds is not found in the specification." 
Applicants disagree. Fig. 1 provides two synthetic routes to compositions of the invention, one 
shown for a geldanamycin homodimer and one for a geldanamycin-herbimycin heterodimer. In 
both cases, reactive groups on the ansamycin antibiotic (the 17 methoxy group of geldanamycin. 



The Examiner new ground for rejection under 35 USC § 112, second paragraph, is 
not reasoned support for this position as discussed below. 
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for example) are reacted with an linker having primary amine functionality at one end and amine 
or some other functionality at the other. (See Page 20, lines 28, Fig. 2 and Example 1) This 
linker is then reacted with the second ansamycin (in a single or two separate reactions) to form 
the dimer. The Examiner has not said why this synthetic method is not sufficient to teach how 
to make compounds within the scope of the claims, for a person of ordinary skill in the art. The 
reactions discussed here are not intricate processes where stereochemistry is important. They are 
simply sticking two known molecules (ansamycin antibiotics) together with something (a linker) 
in between using standard organic synthesis techniques. 

In the Office Action of June 24, 2004 (page 8), the Examiner also asserted that "there is 
one working example." This assertion is in error, since Fig 1 and Example 1 show both a homo- 
dimer and a heterodimer and a variety of linkers and functional groups on the unreacted linkers, 
and since dimers with different length linkers were made and tested using the same techniques. 
Further, the Examiner has not offered any reasoning as why the methods described which involve 
standard synthetic reactions would not allow persons skilled in the art to make additional 
compounds. 

The Examiner also argues in the July 2\1 1, 2005 office action that "there is no reason 
why a claim drawn in this way should not be limited to those compounds which are shown to be 
both new and useful. An applicant is not entitled to a claim for a large group of compounds . 
merely on the basis of a showing that a selected few are useful and a general suggestion of a 
similar utility in others." (Page 4). Again, the Examiner provides no support for this 
pronouncement, and indeed, the case law establishes that this is exactly what an applicant is 
entitled to in the absence of a valid reason to doubt the statement concerning broader scope. See 
MarzocchU Bowen, infra,) 

For these reasons, the rejection for lack of enablement of claims 3, 4, 6 and 9 should be 
reversed. 

C. Composition Claim 9 is enabled . 
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Claim 9 is a composition claim. It recites that both of the ansamycin antibiotics are 
geldanamycin, but is broader in scope than claims 10 and 11 because the hnker is not specifically 
defined. The argument with respect to enablement of treatment of cancer generally cannot apply 
to this claim, and therefore the only arguments of relevance are those made in connection with 
the linker. 

The Examiner has stated that the application is enabling for Hnkers that are (CH2)4_i2 
bonded to the 17-carbon of geldanamycin. The Examiner has not, however, explained why other 
linkers bonded to this position (as required in claim 9) are not enabled. Thus, the Examiner has 
failed to meet his burden in presenting a meaningful rejection of this claim to which Applicants 
can respond. The rejection should therefore be reversed. 

D. Method Claim 12 is enabled 

Claim 12 is a method claim, but it is not directed to the treatment of cancer. Rather it is 
directed to a method for destruction of cells expressing a HER-kinase. The Examiner has offered 
no reasons why this method is lacking enablement, and therefore it is assumed that the rejection 
of this claim is based on the definition of the composition that is used in the method, which 
corresponds in scope to compounds of claim 3. For the same reasons as set forth above, in 
section LB., this rejection is in error and should be reversed. 

E. Method Claims 13. and 15-17 are enabled 

Method claim 13 recites a method of treating cancer by administration of a compound 
which is defined in the same scope as composition claims 3, 4, 6 and 9. The arguments set forth 
in Section 1. B above are applicable to the rejection to the extent it relates to the definition of the 
enablement of the compositions. 

The remaining reasons for rejection of these claims is the assertion that "the specification 
does not provide enablement for treatment of cancer generally." The reason he makes this 
statement is the unsupported assertion that no one has ever found a compound capable of treating 
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cancer generally before. While Applicants would agree that general lack of success in the past 
gives rise to a basis for skepticism, this does not absolve the Examiner of the obligation to look 
at the invention and the evidence in deciding enablement issues. 

In this case. Applicants have on several occasions submitted exhibits consistent with the 
broad scope of effectiveness of the compositions of the present invention and why the scope of 
the claims is appropriate. Copies of these Exhibits are attached in the Appendix. The Exhibits 
were first submitted with the Amendment filed July 22, 2002. The Office Action of September 
12, 2002 rejected the claims on the same ground now on Appeal, but made no mention of the 
exhibits. No mention of the exhibits was made in the Office Action of April 23, 2003 (remailed 
on June 11, 2003). In Applicants response filed by facsimile on August 27, 2003, Applicants 
stated "Applicants further inquire why the Examiner has maintained the rejection while refusing 
to comment on the references showing the diverse activity of geldanamycin and related species 
against diverse types of cancer" and asked the Examiner to either withdrawn the rejection or 
address the merits of the exhibits and related arguments. The response was an Advisory Action 
mailed 9/10/2003 which maintained the rejection without comment. 

Apphcants again pointed out the failure of the Examiner to respond to the evidence in an 
Appeal Brief filed on April 26, 2004. This Brief led to reopening of prosecution with the Official 
Action mailed on June 25, 2004. This Action contained included an enablement rejection, but 
no mention of the declaration evidence in the record. Therefore, in the response filed December 
27, 2004 Applicants stated: 

It is also noted that the Examiner has, despite repeated requests by Applicants, 
once again not even mentioned the declarations and the exhibits A-0 which are of 
record in this case. The Examiner cannot pick and choose among the evidence of 
record, but must consider all of the evidence. Accordingly, should the rejection of 
the present claims be maintained, Applicants DEMAND a statement by the 
Examiner that these materials have been considered and an explanation as to why 
the Examiner finds them insufficient. 
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Finally, after a telephone call relating to another serial number, the Examiner issued a 
supplemental office action on July 11, 2005, on the same day that Applicants notice of appeal 
and appeal brief in this case was received in the USPTO. 

The Examiner briefly acknowledges the evidence on Page 3 of the July 11, 2005 official 
action. He states that the evidence is not commensurate with the scope of the claims, because the 
claims are directed to compositions that have two hsp-binding moieties, while the evidence 
shows results for compounds with only one binding moiety. Applicants submit that this 
argument is in error and unsupported by required reasoning or the law. 

The basis for the Examiner's argument is largely that the Examiner is classing cancer 

therapy with perpetual motion machines and assumes in assessing enablement that it is inherently 

unbelievable that a cancer therapy could work generally. Such may have been the case when In 

re Bating, 163 USPQ 689 (CCPA 1969), cited by the Examiner, was decided in 1969, but the art 

and the law have progressed since then. The notion of automatic unbelievability is no longer 

credited. Indeed, as the Board of Appeals noted in 1987 in Ex parte Rubin, 5 USPQ2d 1461, 

1462 (POBAI 1987), '"contemporary knowledge in the art ' has far advanced since the days when 

the any statement of utiUty in treating cancer was per se 'incredible.'" Here, the Examiner has 

not offered any reasoning as to why the assertions of general utility in this application, given the 

suggested mechanism of action. As such, the Examiner has failed to meet the burden discussed 

in In re Marzocchi, 169 USPQ 367, 369 (CCPA 1971), where it is noted that: 

a specification disclosure which contains a teaching of the manner and process of 
making and using the invention in terms which correspond to those used in 
describing and defining the subject matter sought to be patents must be taken as in 
compliance with the enabling requirement of the first paragraph of § 1 12, 
unless there is a reason to doubt the objective truth of the statements contained 
therein, which must be relied upon for an enabling disclosure. 

An over thirty-year-old case, discussing the state of the art at that time, is not a reason to doubt 
the truth of the asserted utility here. 
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Turning now to the contents of the much-ignored evidence, Applicants have submitted 
copies of published papers showing that a monomeric ansamycin compound, IV-allylamino- 
geldanamycin (17-AAG), which is mentioned in the specification on Page 8, line 15 and other 
hsp90 inhibitors are efficacious in a variety of tumor types including breast cancer, ovarian 
cancer, pancreatic cancer and gastric cancer (the cancer types specifically mentioned on Page 8, 
lines 9-1 1 of the application), other HER kinase overexpressing tumors, and tumors which do 
not over express HER kinase. For example, Yang et al. (Exhibit A), report inhibition of glioma 
(brain tumor) cells with 17-AAG. Okabe et al. (Exhibit B) reports in vivo activity of herbimycin 
A (an ansamycin antibiotic) against leukemia cells. Kelland et al (Exhibit C, JNCI 91: 1940, 
1999) achieved tumor cytostasis in two human colorectal carcinomas, HT29 and BE for the July 
7, 2005 duration of drug treatment with 17-AAG. Burger et al (Exhibit D Proc. AACR, 41: 
Abstract # 2844, 2000) reported potent effects of 17-AAG against a melanoma xenograft and, 
interestingly, preliminary data from the London arm of the 17-AAG trial indicates that melanoma 
(2/6 objective responses) may be a responsive tumor (Exhibit E Banerji et al, Proc. ASCO, 
Abstract # 326, 2001) 17-AAG has also been used in studies with prostate cancers, and it has 
been shown that this administration resulted in dose-dependent inhibition of androgen-dependent 
and -independent prostate cancer xenografts. (Exhibit F SoUt et al., Clin. Cancer Res. 8: 986- 
993, 2002). 17-AAG has also been shown to enhance paclitaxel-mediated cytotoxicity in lung 
cancer cells (Exhibit G Nguyen et al, Ann, Thorac. Surg, 72: 371-379, 2001); and to modulate 
metastasis phenotypes in non-small cell lung cancer (Exhibit H Nguyen et aL, Ann, Thorac, Surg, 
70: 1853-60, 2000). Thus, the efficacy of compounds that bind to the hsp90 receptor span a 
wide range of unrelated cancers, thereby refuting the Examiner's statement that generalized 
cancer therapy is inherently unbelievable. 

As observed in In re Bowen, 492 F. 2d 859, 181 U.S.P.Q. 48 (C.C.P.A. 1974) reasons are 
required to support an enablement rejection where the operability of materials beyond the scope 
of specific examples is challenged by the Examiner. The Examiner has provided no such 
reasoning here. The evidence of record shows that monomeric compositions has utility against a 
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broad range of cancers. The Examiner does not contest this. He argues, however, that the 
evidence is not relevant because it not directed to the dimeric compositions of the invention. In 
making this argument, however, the Examiner has not provided a single reason why a person 
skilled in the art, would doubt that the dimers would have the same range of effectiveness and 
utility as the monomers. Thus, he has failed to provide an objective reason to doubt the 
statements of utility in the specification as required by In re MarzocchL 

The Examiner also argues that "the rejection here it that all of the compounds made are 
drawn to a narrow group which does NOT give a reasonable assurance that all, or substantially 
all of them are useful. (Office Action of July 11, 2005, Page 4) The legal standards referenced 
above would require that the next sentence in the rejection be an reasoned explanation of why 
there is no reasonable assurance. No explanation is provided, however. Thus, the rejection 
should be reversed. 

F. Claims 18, 19 and 20 are enabled . 

Claims 18, 19 and 20 have composition limitations which correspond to the limitations of 
claims 9, 10 and 1 1 discussed above in sections LA. and LC, and method scope comparable to 
that of claim 13 discussed in I.E. These arguments are applicable to claims 18, 19 and 20, and 
form the basis for reversal of the enablement rejection of these claim. 

G. Claims 14 and 30 are enabled . 

Claim 14 has composition limitations comparable to claim 3, and the arguments of 
Section LB are therefore applicable. The arguments of Section LE are also applicable. Further, 
claim 14 limits the scope of the cancer treated to cancers that are positive for HER-kinase. This 
is a subset of "all cancers." Despite repeated requests, the Examiner has never explained why the 
argument that claims are not enabled for all cancers is applied to claim 14 which is a method of 
treating less than all cancers. Applicants provide a specific mechanism of action that is believed 
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to explain the activity of the compounds against Her-kinase positive tumors (Page 4, line 29 - 
page 5, line 13). The Examiner has not explained why this mechanism combined with evidence 
of activity of ansamycin compounds against HER-positive cells is insufficient to establish 
enablement of the scope of claim 14. 

Similarly, claim 30 states that the cancer is one that overexpresses a HER-family kinase. 
The same arguments apply to this claim, and the rejection should be reversed. 

H. Claims 21-23 are enabled . 

Claims 21-23 correspond in scope of compound to claims 4 and 6, and in scope of 
cancers treated to claim 14. Accordingly, the arguments of sections LB and LG are appHcable 
and establish that these claims are enabled. 

I. Claim 24 is enabled . 

Claim 24 is dependent on claim 12, and recite a composition scope comparable to claim 
9. Accordingly, the arguments of sections LB. and LD. are applicable and form the basis for 
reversal of the rejection of these claims. 

J. Claim 25 and 26 are enabled . 

Claims 25 and 26 are dependent on claim 12, and recite a composition scope comparable 
to claims 10 and 11. Accordingly, the arguments of sections LA. and LD. are applicable and 
form the basis for reversal of the rejection of these claims. 

K. Claims 27 - 29 are enabled . 

Claims 27 -29 are dependent on claim 12, and recite a composition scope comparable to 
claims 4 and 6. Accordingly, the arguments of sections LB. and LD. are applicable and form the 
basis for reversal of the rejection of these claims. 
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L. Claims 31-34 are enabled 

Claims 31-34 depend from claim 13, but recite specific types of cancer. The argument 
concerning treatment all cancers is plainly not applicable to these claims. Thus, the only basis 
for the enablement rejection applicable to these claims relates to the scope of the compositions to 
which the argument of section LB is applicable and establishes enablement. 

n. The Definiteness Rejection 

Claims 3, 4, 6 and 9-34 stand rejected under 35 USC § 112, second paragraph, as 
indefinite. The Examiner has cited three grounds for this rejection: (1) the meaning of the term 
ansamycin, (2) the nature of the linker; and (3) the assertion that the scope of the compounds is 
not determinable. Applicants submit that these grounds a are without merit and that the 
rejection should be reversed. 

A. The term Ansamycin Antibiotic is Definite 
(Claims 3, 4, 6. 12-17, 21-23, 27-34) 

The Examiner has rejected the claims as indefinite based on the assertion that "the metes 
and bounds of the 'ansamycin' is unknown." This rejection cannot be applicable to claims 9-11, 
18-20 and 24-26 in which the term ansamycin antibiotic is further defined as geldanamycin. 

The term "ansamycin antiobiotic" is a recognized term of art, as is apparent from searches 
on the internet or in the USPTO full text search engine. For example, US Patent No. 4,247,462, 
entitled "Ansamycin Antibiotic" states that: 



- 12- 



Application Serial No. 09/937, 192 
Brief for Appellant 

The ansamydns constitute a class of antibiotics characterized by an aliphatic bridge 
linking two nonadjacent positions of an aromatic nucleus. The rifamycins and 
streptovaridns are well known members of this class of antibiotics. The chemistry 
of the ansamycin antibiotics is reviewed by K. L. Rinehart, Jr. and L. S. Shield in 
Progress in the Chemistry of Organic Natural Products, published by Springer- 
Veriag, Vienna-New York (1976). 

See also, US Patent No. 4,738,958 ^titled "Ansamycin antibiotic and its use as a medicament." 
A copy of the Rinehart paper which is referenced in this quotation is attached in the Exhibit 
Appendix. 

When one takes the structure of geldanamycin for example, these definitions are applied as 
follows: 




Geldanamycin (GM) 

where the organic nucleus is indicated in red and the ansa ring is indicated in green. 

Notwithstanding this evidence that the art recognizes a class of antibiotics as anasamydn 
antibiotics, the Examiner says a person skilled in the art does not know what an ansamycin 
antibiotic is. For example, he takes the language "The ansamycins constitute a class of antibiotics 
characterized by an aliphatic bridge linking two nonadjacent positions of an aromatic nucleus." 
that spears in an issued US Patent, and makes up a compound that meets the bare limit of this 
definition and asks if this is an ansamycin. There is no evidence or reason to imagine that this 
compound (1) exists, and (2) is an antibiotic. Applicants wbmit that this ^proach is 
inappropriate. Further it is noted that the compositions are not merely defined as 
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including "ansamycin antibiotics." They require that these ansamycin antibiotics bind to the 
same known pocket on hsp90 to which other ansamycin antibiotics bind. 

The standard of definiteness does not require a person skilled in the art to be able to name 
every compound that falls within the scope of the claim. Rather, it requires a person skilled in 
the art to consider an actual compound, and determine whether it falls within the scope of the 
claims. See, In re Johnson, 194 U.S.P.Q. 187, 194 (C.C.P.A. 1977)(observing that claim is 
definite where "those skilled in the art would have no trouble ascertaining whether any particular 
polymer falls within the scope of the claim."). The art has an understanding of the meaning of 
the term "ansamycin antibiotic." That is may not meet some absolute standard does not mean 
that the term is not definite to persons skilled in the art. 

B. The term "linker" is Definite 

The Examiner also rejected the claims based on the term linker, asserting that "nature of 
the linker is unknown." From the Examiner's recitation of possible linker options, it is apparent 
that the Examiner is equating breadth with lack of definiteness. Case law is clear, however, that 
the two are not the same. See, In re Skoll, 187 U.S.P.Q. 481 (C.C.P.A. 1975). The specification 
states that "the two hsp-binding moieties are joined by a linker." (Page 4, lines 14-15). Thus, the 
recitation of a linker in the claims requires that there be something in between the two ansamycin 
antibiotics. The person skilled in the art would have no difficulty looking at a particular 
compound and see if there was something (a linker) present. Thus, there is no lack of 
definiteness based on this term in the claims. 

The Examiner also states that the characterization of the linker as having a length of 4-7 
carbons is unclear. The linker extends from one ansamycin antibiotic to the other. The 
specification states that "in general the linker will be 1 to 9 carbon atoms in length" (Page 4, lines 
16-17) and provides examples of dimers where the linker is 4 to 12 carbons in length (Table 1) . 
The specification further refers on Page 5 to the linkers of differing lengths depicted in Fig. 2. 
Thus, a person skilled in art, having read the specification would undertand that the phrase "a 
length of 4 to 7 carbon atoms" is indicative of a chain of 4 to 7 carbon atoms that extends 
between the two ansamycin antibiotics. There may or may not be substitutions on this chain, or 
unsaturation (for example a double bond) as indicated on Page 4, line lines 17-19, and Fig. 1. 
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C. The term "bind" is not indefinite 

(Claims 3, 4, 6. 12-17. 21-23. 27-34) 

This ground for rejection is not applicable to claims 9-11, 18-20 and 24-26 in which the 
term ansamycin antibiotic, and thus the hsp-binding moiety is further defined as geldanamcyin. 

The Examiner asserts that the scope of the compounds claimed is indeterminate because 
the term "bind" is indefinite. Applicants submit that this basis for rejection is in error. 

In support of his position, the Examiner argues that "there is no way of knowing whether 
a given compound would bind," and that "binding is a process which cannot be observed, merely 
inferred, which is unreliable." Applicants point out, however, that the art of record in this case 
establishes that persons skilled in the art have been observing the interaction between ansamycin 
antibiotics such as geldanamycin with hsp90 for some time, and calling this interaction 
"binding." For example, the Stebbins reference (of record, attached in the Exhibit Appendix) 
refers to binding of geldanamycin to hsp90 as an observed phenomenon, and then determines the 
crystal structure of hsp90 and the location of the binding pocket.^ Thus, both the meaning of 
binding, and the specific pocket referred to are clear. 

The Examiner has not established why a person skilled in the art would have difficulty 
understanding whether a given compound falls within the scope of the claims. Accordingly, the 
rejection under 35 USC § 103 should be reversed. 



3 



It is noted that the crystallographic observation of the geldanamycin - hsp90 
complex contradicts the Examiner's assertion that the binding cannot be observed. 
However, such observation is not necessary for the claims to be definite. 
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in. Conclusion 

Applicants submit that the rejections of the present claims under 35 USC § 112, first and 
second paragraphs, are in error and should be reversed. 



Respectfully submitted, 




Marina T. Larson Ph.D. 
PTO Reg. No. 32,038 
Attorney for Applicant 
(970) 468-6600 
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Claims Appendix 

3. A chemical compound comprising first and second hsp-binding moieties which 
bind to the pocket of hsp90 with which ansamycin antibiotics bind, said binding moieties being 
connected to one another by a linker, wherein the first and second hsp-binding moieties are each 
an ansamycin antibiotic and retain the ability in the chemical compound to bind to the pocket of 
hsp90. 

4. The chemical compound of claim 3, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin . 

6. The chemical compound of claim 4, wherein the linker has a length of 4 to 7 
carbon atoms. 

9. The chemical compound of claim 3, wherein the first and second hsp-binding 
moieties are geldanamycin and the linker is connected to the 17-carbons of the geldanamycins. 

10. The chemical compound of claim 9, wherein the linker has a length of 4 to 7 
carbons atoms. 

11. The chemical compound of claim 10, wherein the linker has a length of 4 carbon 

atoms. 

12. A method for destruction of cells expressing a HER-family tyrosine kinase, 
comprising administering to the cells a chemical compound comprising first and second hsp- 
binding moieties which bind to the pocket of hsp90 with which ansamycin antibiotics bind, said 
binding moieties being connected to one another by a linker, wherein the first and second hsp- 
binding moieties are each an ansamycin antibiotic and retain the ability in the chemical 
compound to bind to the pocket of hsp90. 

13. A method for treating cancer in a patient suffering from cancer, comprising 
administering to the patient a therapeutic composition comprising a chemical compound 
comprising first and second hsp-binding moieties which bind to the pocket of hsp90 with which 
ansamycin antibiotics bind, said binding moieties being connected to one another by a linker, 
wherein the first and second hsp-binding moieties are each an ansamycin antibiotic and retain the 
ability in the chemical compound to bind to the pocket of hsp90. 

14. The method of claim 13, wherein the cancer is an HER-positive cancer. 

15. The method according to claim 13, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin. 

16. The method according to claim 15, wherein the linker has a length of 4 to 7 
carbon atoms. 

17. The method according to claim 16, wherein the linker has a length of 4 carbon 

atoms. 
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18. The method according to claim 13, wherein the first and second binding moieties 
are geldanamycin, and the linker is connected to the 17-carbons of the geldanamycins. 

19. The method according to claim 18, wherein the linker has a length of 4 to 7 
carbon atoms. 

20. The method according to claim 19, wherein the linker has a length of 4 carbon 

atoms. 

21. The method according to claim 14, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin. 

22. The method according to claim 21, wherein the hnker has a length of 4 to 7 
carbon atoms. 

23. The method according to claim 22, wherein the linker has a length of 4 carbon 

atoms. 

24. The method according to claim 12, wherein the first and second binding moieties 
are geldanamycin, and the linker is connected to the 17-carbons of the geldanamycins. 

25. The method according to claim 24, wherein the linker has a length of 4 to 7 
carbon atoms. 

26. The method according to claim 25, wherein the linker has a length of 4 carbon 

atoms. 

27. The method according to claim 12, wherein at least one of the hsp-binding 
moieties is geldanamycin, and the linker is connected to the 17-carbon of the geldanamycin. 

28. The method according to claim 27, wherein the linker has a length of 4 to 7 
carbon atoms. 

29. The method according to claim 28, wherein the linker has a length of 4 carbon 

atoms. 

30. The method of claim 13, wherein the cancer is one in which the cancer cells 
overexpress a HER-family kinase. 

3 1 . The method of claim 13, wherein the cancer is breast cancer. 

32. The method of claim 13, wherein the cancer is ovarian cancer. 

33. The method of claim 13, wherein the cancer is pancreatic cancer. 

34. The method of claim 13, wherein the cancer is gastric cancer. 
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ABSTRACT 

Giiobisstonia multiforme is ihe most trea^nient-resistant br^in tumor 
elongation factor-Z (£F-2} kinase (cslmoduiin kinase III} is a unioue 
protein kinase that is OTerexpressed in gUom-2 ceiJ iincs and in human 
surgical specimens. Several mitoaons activate this kinase nnd inhibitors 
Dlock mitogen activation and produce cell death. Gddanamvcin (G\) is a 
benzoqulnone ansamycin antibiotic that disruDts Hsp90-proi-in interac- 
i!Or^. Because EZ- 2 i^jijiagero ned by Hsp90. H-e in vestjoated ^he 

fiffccts of GA on the viability o^ ^nom.a ceils, the expression oftli-l kinase 
protein, and the inl£raction bet^veen HspPO and EF-2 kinase. GA was a 
p_otent inhibitor_ of the donogenicity of f our glioma cells lines Wth IC-,s 
rangmg rror^r rT^.:^ n.vi. i /-alimrmno-J 7- demethoxvgeidanamyd (iT " 



AAGX a less toxic andj ess potent dedT^lwToTGK Zt ll^^ ihec\nr><^ ^ 
£enicity_gf^ ^ values of 13 UM C 6cen72^ir^r. 

T_9SGjceIis. Treatment of cell lines for 24-48 h of GA^^FTTrAAGdiT 
rupted EF-2-krnase/Hsp90 interactions as measured by coimmunopr^cipi- 
tat,on, resulting in a decreased amount of recoverable kinase in cell 
•lysates. The ability of GA to inhibit the growth of glioma cells- was 
abrogated by overexpressing EF-2 kinase. In addition. J7-.AAG sicrnif l- 
■ ^^"Jy inhibited jhe growth of a glioma >:enooraft in nude mice These 
studies demonstr^e lor tne tirst time the activity of GAs against human 
gliomas in vitro and in vivo and suggest that destruction of EF--? kinase 
may be an important cytotoxic mechanism of this unique class of drug, 

IN'TRODUCTTON . . ' 

Glioblastoraa multifonne is a highly resistant, lethaJ maii-nancy of 
the central nervous system that represents an increasingly important 
cause of death from cancer in adults and children (1). Current therapy 
wich surgery, radiation, and chemotherapy rarely, if' ever, cures the 
disease and infrequently prolongs life for more than 1* year (2) 
Therefore, oar laboratory .has been investigating new sisnal transduc- 
, t]0n proteins as potential targets for drtig development." 

Activation of tyrosine kinases through receptor occupation or mu- 
tation miuates several signal transduction pathways that culminate in 
cell division. The epidermal growth, factor receptor is frequently 
overexpressed or mutated in human glioblastoma (3-5). Activation of 
phospholipase C .by the epidermal growth factor receptor produces 

two second "lesss"""'' ,1 , . - . • , 

ptiate. -Whereas the former can participate in mitosen-activaied pro- 
tein kinase signaling, the latter activates calmodul in-dependent path- 
ways through the release of intracellular calcium (6-9). 
^We^previously found that calmodulin-dependent phosphorylation 
oi etF-2- was markedly increased in glioblastoma because 'of the 
increased activity of calmodulin-dependent protein Icinase 3 (10), also 



^no^.^o as EF-2 kinase (11-13). EF-2 kinase ohosohon-la.es e^--^ i-, 
«s.Donse to elevaaon in intraceliular calcium, ^hich leads w "the 
,naav..on 01 tn.s translation factor (i4. 15). .Additional studies 
d f n d kinase as a proliferation-dependent and niito.en-acti- 
.au,a enzyme in a variety of normal and m.aliHnanr cell tvoes ri6 171 

ice clcnins and sequencing of FF-t kir-s- l-d v -C ' 
thnf ;. . Kin^Sv, jeo lo aie reaiizauon 

that u ..p,esen.ed a unique enzyme family (13). Exceot for the AT? 
bmdmg site, kinases from several different species exhib t 
sequence homology to any Ca-/calmodulin-deoehde.nt pro^ n 
nase. or to any n^ember of the eukaryotic protein kinase supen.miH- 
no.ev.r, EN2 kinase does have homology to the catalytic oma" of 
n^yosin heavy chain kinase A ^mCK A) from Dicr^osrelium Tnl 
uruque structural re.tures of EF-2 ki.nase, together with its increased 
act mty in malignancy and cell-cycle dependency, makes it a novel 
target for anticancer therapies. 

In fact several lines of evidence suggest that inhibiting 'the activity 
o. EF.2 kinase can kill cancer cells. For example. Pann; ef al (1 > 

cells at the G,-S phase mtenace and killed a variety of cell lines at 
concentrations (1-10 nM) that were consistent with lC,„s for enzyme 
inhibiuon (18). Antisea.e R,NA to calmodulin (19) and EF-. S 
nicked y decreased the donogenicity of rat and human .lion^a cell 
hne . Thereiore, idenuncation of new drugs that block the function of 
EF-2 kinase may lead to new types of anticancer dru^rs 
to hr^r^f ' P""^^.""™ °f EF-2 kinase (20). we fo^nd the enzyme 
to be tighay associated with Hsp90 as previously demonstrated by 
Palmquist er al. (21). Hsp90 is a protein chaperone responsible fo^ 

c"a"s 7dZT?I""" - ''''''''' ^-'-'y. ^ 
c ass of dnig the GAs was round to disrupt Hsp90/protei. interactions 

(..). I^ese benzoqu.none ansamycin antibiotics were shown to have 

antitumor effects in celKculture and experimental" animals 2 ) R ! 

Zf'.PU ?'r '"^ P^^^^^'l-vative of OA h^ 

entered Phase I chnical testing (25-^7) 

Because the activity of EF-2^1dnas; is markedly increased in human 
ghoblastoma and :s chaperoned by Usp90, w. examined the effectTo 
the GAs on th:s lethal malignancy of the central nervous .vstem 
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2 icihiisc; J7-AAG. ]Vuaylamino-I7-Gcmcihoxysdd^mvd^;"3C^ IJ-b^.P-ch'oro- 



Cell Culture. The C6 Mnitrosomethylurea-induced ni ciiorra line =nH rh. 
~ cei, line. T98G u.iob.a.„o..). Daoy (Hiedullobl.ira ^^^^^^^ 
ge^oolasto^a) were obu.ed fro. The ...eric. Typ. Cito. Co.^ln 
IJY- R and TJY2-D cell hii-s were derived from T98C cdls by stable 
™stccuon wi,h eiiher antisen.se or s.n,,e cDN.4 of EF-2 Kinase Th J "1 ■ 
=e Unes =xpre,.sed either low or high amounts of EF2-K orotein, respec^ivl^y 
r=i to tne parental line. T9SG at,d Daoy cells we e ,rown in / •" J' 
DME.VI:Han, s F-10 media, supplemented with .0% fetal bovine . and 
00 units/mi pen,ciUin and 100 tng/inl streptomycin. TJYl-R and TJY^ el, 
line., were ir.aintained in the .,a,ne medium as T98C. but ..=re suDDle"in.nt-d 

^^^^^<^ i= ^ humidifled incubator at 37=C wan 
irea.ed wt.h G.^ or 1 ,-.a,aG as indicated in the figure leqend. 
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po^v... T.. ... ;:^;^::;:;.-:;:::/:.r: '':^f:.r ^--^^-^ 

in DvfSQ :n:a.edi.reiy before .se. ' " " '—^^-^^^ 

CSoaogenic Ai»v.. Cy:o«.:cicy of GA ..d 17.. n , 

60-:.:. u,sue c.K.re d.hes ... 'V^ ^^'".^'^^^^ - 

:hen exposed :o v^ric-. c..:^:.::;:^ ^^'^ 

.e.;:.-^. jn- ^^^^^ 

.i-n.:;^:^;:^:^; ts^;^;; r ^^^^ ^^^^^^^ 

^.^e-f^^-^ - '"-^^ HOMO 

^^ere men cenirimged at 15,000 x . for 30 rr.in -n 
ration of Lbe su^emataris *-,s d-^' < ' 
ford usin-~ a 5 lo Rad or™- '^--^'"^^^ ^'^^oramg to the niethod of Brad- 
-s..n, J 0,0 Rad prote.n ass-ay iat (Bio-Rad Uboratoiies Ri^Kmnnri ^ 
Twenty of protein from each sat^Die were used for p"ti ! '■ 
Sar^ple volumes «.ere adjusted with HOVrO h„F ^ , 

2-t.ercaptoethanol. .t,d 0.003% btot^phend blue dyff;r 5 If ° 
lution by 7.5% SDS-P^GE """o- 

15.000 X . at 4^C for 30 -nin Th. ' "^^^ ceoLnJoged at 

.■as deter^^d ..^/th" stKirrr " ^^^^^ 

Im^unoprecioitat,ons were perfotmed using 2 ™g fC6 cells) or 1 1.. a9SG 
cJl.) ot protein from total cell iysates as stanin- mate-a! R " , 
were equaUzed using NET buffer For Fs.Qn n 

polycional antibody rSaata Cru;B;:eSrs»~ ^^-'-^^ 
to each sample. For H^-:' kin..^ nr^.- • ^- ^ ^'^^ ^"^'^ ^^^-^ 

^Ckit^d^providJd^v rfc N^^^^^^^ 

was dsed as a control \fter I 4 h f ^ preimmUne sera 

■ Prote.n A-Sepharosriic 5 ;'4?^^^^^^^^^ " ^"-^^ «° ^' °f 

Piscatawav. N'J) w-r^ added T. b ' '""'"^ ^ 

•it -r C tor 2 min. and the supernatant was discarded R ' J ' 

with wpT t,.,ffr , . tii.scaraea. beads were washed twi'c- 

wuh Kci buffer and twice with PBS contalnino l .;n-.,- • ,° 
■ PMSF. .After the final wash 30 ul of Laemmr C / ^ ""^ ' 

.Kamoles were boil»rl fnr =; - and the 

upies were ooijed for j mm. Alter a 3-m;n cni,. .„ , c a^a 

were loaded onto a S% SDS-PAGE sel ' ' """"" " ^' '"P™''«^"« 

Westertx Blot .Analysis. Protekl Resolved on SDS-P AG^ w.,-. r f , 
to nttrocelluiose mer^branes (Hvbond =CL- aL ^'^"^^'^ 
Membranes were frst blocked w,V n^ ^^™'<''^ Biotech), 

and then were .citaSd .'^.^ 

U.cratories,^-;:i;-^:S-^r^^^^^^^ 

Nfeic Scan 4.3 .ro.^; and't;: n": """"^'^ '''''^ 

Molecular Analyst ;oS;;r ""'^^ ^^"'^^ by 



Kinase. pSTA.R . Vrr^i^^.r^f^^^^^ ^^-^^ Lev.. ,f ... 
in..ce. ge.e expression i. ^^^^ --ycii.J 

^o.:err=c=o..:itu:ive.xDress;on thi. ve.:^. 

..ed.. ...i.. --.;;-^--^)e ci..., 

^ycontec^lovir^s cad S^-O, i. v...;- i"^ ^^^^^S ?ron..;ers. 

--.e cDNA ..as inserre^ in:, ^ -»-^ngch nu^,, 

bot._a.ise.e TAS) and .e;;e ^^i)^':;:;;::;!;"! ^^^^-^ -^PST..R 

numan .iior^a ceiis bv ii..,,.:: Ht. V^^" ^^^^^ ^^^oduced into T9iiC 

rt^iJUn; colonies were e.-:-... ^ -'--^^-^cu ^n^OO ug/m G^!S. 64:3. 

Of each clo~ -^-^ 0^13. CvtJ- 

ga.iot, and were analvjed for P^.^ :r,::- '""»»S*«'«"ion and centrifu- 
TJYl-R clone was fo^nd .-o ~C b-^' ^*«em oict, The 

- V-:.D cone expressed M.h ^e^'^ ^l^i:^-"^^-^ P-in. The 

compared with that of TJY l-R, " "nRNA and protein 

aathmic phase wS ^^^^^ « nt lo. 

-shed and resuspended in PPS ^ ^^psinization. th^ 

107100 al) were iniectldt; .- ' - °/ Ceils 

-e,male. 5 wee^ old: Tacol"^- '^/^ ^^^^^ r'", 
-ere measured datly with a Vernier t"! . 

mm) of the tur:.ors were tairen and us^'t: , f ^"'^ (^V: in 

fon^ula: . = (h^ x .)/2. Oo th 1 t^^^'f (V,, using the 
tumor volutrte reached 60 mrrt' the tnicr J f ''^="''=iian 

tumor volumes. Within each pair ^i,,: ' ^™"^rifv' of the 

1 7-AAG or vehicle. Anir.alsrec-i^.d n "'''''"""™'- ^'''''^ '° 'i*'^^ 

volumes between the two treatment Lun. Z '° '"""P"' '""'or 

volume) on day 5 to day 22 w^'al^C^ ; ■ T"' 

-odd with treatment and day as'^lllor l f ^=P"«^--urement 
correlation structure (29). ■ ' ' °'''lE=r auioregressive 
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Effect of G.4 on Cell Growth and Viabiiifv w= ' ■ 
enacts of a 48-h tncubatioa with OA ar,d S .r '^^^^^^^^ 
nicity of human T98G fai;nhH.tnr.v, r^ ''"^-^^-O'l clcnose- 
SKIN'SH (neuroblaston. f " 3 OA ' ^-^^""obkstom.) a^nd 
SK.VSH ceil viability whh c vnf ' t f ' ^^^-^^ ^"'J 

^he C6 rat gliot;;^ lin'e aC 1 5 donogetiicitv of 

%ort:^Ji:rrro~ 

created with BCNU, a standS cvilt T""^'^ °' 

gnoblastct.a. Fig. ic and Table 1 S f'"' ^"^^ "^^'^ ^° ^-^^ 
against C6cdls was 5 UM 4coo Fni^ ' °f BCNU' 

GA agaan. the same ceU I.ne ' *^ of 

Effect of GA and 17-4 A P nn t?- r^- 
analyze the role of Ef'^^, -^-'' ^-'-"^ Content. To 

Whether or not GA or H^^J^l^^^y we ..seed 

cdls. T98G cells were incubat^ tt 0 " ^'^-^ 

''^ Cell hornoge^aie;!;:; liXd^^ ' 

u-d by Western biot, Fig, 2 detnonstrate th; .i '""' "l"" 
accrea.<:e m EF-2 kinase at a ~nnr-=.^ ■ . ^ ^50-7^ 

decrease after treatment w h rc?"w=" " ' '"''^ 

dying population of celk (Fi. | ) 3;'^:,- ° , '"""^ """S ^ 

cells treated with G.A for 241 ^^ ^s^^'^^. « 

7U% after treacmet^t wirh 1-^0 X'r^: ? 

crea.sed.EF-2 kit,a« fav 40-50- " '^"^ ^'"-'^ "^^'^ ^e- 

, ^ -tuoo.r (i-ig, 2,4, riohi panel), - 




GA (hM) 
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rig. 
othci 
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describ; 

dpju- fr; 

mean oi 



BCNU OiM) 

I. Effect of CA, 17.AAG, and BCNU on iht clonoeenic survival of -lioma and 
:dl Im=5 of neurosimc origin. Murine glioma (C(5), human -iiobiasioma (T^SC) 
r.=uroDiasiom:].CS;C,V5nO, 2nd human m=du!loblMoma (Daov) wsrt culiur-d as 
:d m "MMcnals and Mahods/'Cd] fines w-rs txpcstd for 48 h in"var\-in- 
:niuons of GA {AX 17-AAG (S), and BCNU (Q. C=Us were ihen cukurid in 
-£ mtdjun, and allowed 10 gra^' for another 7-10 days. Coionies were suincd with 
:r:t bbt and countsd wm an eiiciron couniing pencil Each-poini reortscnts ihc 
Lhrts QtEirmir.aaoni: irom one of three similar exDcrimenLs: bars, ± SE. Controls 
-■-eated ctWs) usually conciiined 100-300 cojonies. 



'r:^^i;.J,l/Z '^'S-Z^ ?-^^niune serun:i (daia not shown)^ u..hich 

C6 cens. ireacmen: with GA (Lane 2) or xT-AAG (Lar^ 3) s^..;r 
canuy reduced che ajnounc of EF-2 kinase .h.t ..^as coprecioica.e?^:;; 
nspyu in ootii cell isnss. 

To exclude the possibility -hat the apparens decrease of Ks^go 
assoc;at>cn w th EF-2 kinase u.^s .n^.ere'y the .res.it of dec^e^ ed 
overall i:r-2 kinase protein, we i,.vestigated the effect of sho"'t- 
incut)at)on times with higher concentrations of dr.2 In these ^--i^r 
irnenrs cells -^^ere incubated ■.-ith 3 GA {Lane 4) 0,6 a.v, i7-t^G 

m T9SG o. Co ceils xvas not signiilcantly changed under th->s^ 
condn,ons^rne amount of EF-2 kinase ti.at was" coV.„,unopreci;: 

. f "'^^'^^dJy decreased (Fi. 

J, .4 and B, Lanes 4 and J). ^ =' 

We riex: determined whether antibodies to EF-2 kinase could 
|mmunoprcc.puate Hsp90 and whether GA disrupted the interaction 
Immunoprecipnation was performed using an anti-EF-2 kinase anti- 

Tablc I Eff.a of CAs an A. clon.g.r.icin of gUo^na and o,her .ell lines of 

neurogenic origin 

Cell lines, grown in ussut cuiiure. were treated with vnrvinn .no • ' . ■ 
or vehicles, and Monogenic survive was melfur^d . del '-^^^^ 
iMcthods." Each valut reores-nis th- m.-,n j y^"^ descnbcd m Matcriiils and 
109c variation berween ^ °^ '"'^ -periments having less than 



Cell line 


GA IC,o Cn.vi) 


17-AAG IC^o (HM) 


BGVLi IC,„ 


C6 ■ 
T95G 
SKNSH ■ 


2 ±0.1 

3 ± 0.2 
i-± 0.1 


■13 z i.8 
35 ± 4.0 


5 3 0.2 


Daov 


1 ± 0.1 






TJYi -R 


0.4 - 0.04 






TjY2-D 


2 ± 0.1 







GA (nM) 



17«AAG (nM) 




S-actin- 



T9BG ceH 



10 10 




, Eriect of GA and 17-AAG on Hsp90/EF-2 Kinase Interactions. 
Vv'e next carried ont coimm'jnoprecipitation exDenments to investi- 
g3is [he effects of GA and 17-AAG on Hsp90/EF-2 kinase protein 
interactions. T9SG (rig. 5A) and G6 ceils (Fig. 55) were treated wirh 
10 QM GA, 40 HM 17-.AAG, or ve.hicie (0.1% DMSO) for 24 h (the 
optimal conditions for reducing the cellular content of EF-2 kinase as 
shown above). Cell lysates were incubated with anti-HsD90 rabbit 
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Brug DMSO GA i7-AAG DMSO GA 174^G 



EF-2 
kinase 

P-actin 



5 UiVI 6 pjV{ 



T9SG 



C5 



...M 1 /-A.AG ii^mc jX or fehicie f0.l% DMSO ^uns /1 hr -^a h r n , " 

with 3 f.s> GA fi.™. ^) or 6 ^v, X7-^AG ^ ^ .^^"^ ^'-^^ '^^^^''^^ 

;„ K- u f^ii'-i^c m lyatj and Co ceils treated with GA or 17 AAr, 

■ blot .s r.ptes=„tative of thre. ,,i,-nUor e.xiL^n". ' ' ' 



GA 



Hsp90 — )»- 



EF-2 
kinase 



T98G 



C6 



2 ress; on of ii'F- 



Kinase on Q\ a r-. 
kinase. In ;hc5i ev-en-en"-" 

^•■0 CeU line:, eXDr-J," 

^..^ i;Y2-D cen ^-./.^^^ ""'r'^*'^ 

ransfecdon or T98G ce^i. wirh ^^oia-d 

^'i.-^fij on 



iOVV 



islscced as a cione encores sin a rc i - 
s-se RNA. The \V-;r.-^ r ""^"^^^'^ ^^-^ ^'-^^feciiou with 

; '-^^^-^^ ^^^^ Mg. M shows ^har Tjvo n r.- 

e/vp.c5S -o-tolG more It^-kp -^-o^ ■ " ^^^'^ 

TJY]-R cells. ■ ' - ^""^'^^ '^^P^^^^ vsach that of 

:Sn" ot;? Sit::. 

^..v. Swveial Clones identilled Tiyi St.. u 
rocust cased on :x,orpho!o.y and a doublipo',„. 
JMh me sense transfecunts (dacn no: s^Z^T^^'^^f^r^'l 
■ °^^^0"Straie that ceils that oversxpress £F ■> ii.^: ^ 
sensitive to the cytotoxic effects o G4 r o '''^^'^ 
cen^with less EF.2 ^nase content 4 1 "'^'^ ^''^^ '^°=^="^= 

Effect of 17-AAG on GFiot^a Grovfth in .Mit To t»st wh - 

-re .lowed to for. for 12 days and reached 6o'S • t'e he^o";^ 
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TJY2-D TJYl-R 



EF-2 
kinase 
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~ 120 




t>OGy and ce!] lysates from T9SG and Co' -.-ere created with eith 
vemcie or 3 ;..vt GA for 3 h (Fig. 4). Similar arr.ounts of EF-^ kina. 
were recovered under each condition (lo^,er vand\ Ks^on w.. 
precipttased with Er-2 kinase m vehicle controls [Lanes'l and /) bur 



l-;/'""' ]' '''-'^'^^ or T9SG cdJ derivative, cxor-sv.. nj- , , 

oy \Vcst:m blot anciiv.vs /? .m.>!- p ^ ''''f' " ^ntip-:ictin w-ra deicc-d 
TJY I-R cell un«. Dn;,;cnmi;i;~;v.; d^t^h- bJT-'''*^' TiV2-D nnd 

described in "MaceriaiK .nd Mcio£''*=;;:rX '''r"'"" 
.stn:ative of two siniibr -.^^n p„,n. -presents th:: r. 
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Ttiean from a rsorc- 



.S Or GA ON' CL:O5LAST0V: 



I' 



15 



13 



DAY 



rig. 6. r,:itci of i7-AAG on che growin of C6 ==iioma xejiOErrafis C6 cells 
(-.6 X 10 cslh/mousO wsrc impiantid \mo the flank of 16 Swiss; r.udc (""^"") mi- On 
me 12:h d-.y after inocukiion (day i in Fig. 6), the mice w:rs Daircd in two -o-ps^nd 
■ wcr^ ranoomly a..si^ntd io trta^m.ni. 1 7- AaG (80 m^Jkg) or v^bicle u-^re inj-iicd vu the 
inirapenmn.al route on day. 2, 3.4. 5, S. 9, ]0. 11. 2jrd 12. E.ch ooint r= presents th= mean 
volume of jh. eight 3r.imals in each group; bars, r SE. Th^ ciifferencc. in rumor volumes 
between the iwo ireatmeni groups were stniisticaliv sinnificant {P < 0.017) at all lime 
points rroni^day 5 to dav 22 [least-square -mean of iogC rumor volume), 0.91 = 0 
(mean — S~)]. 



trean-neht begun. Fig. 6 demonstrates the ability of 17-AAG to sie- 
nincantly inhibit the growth of C6 glioma. The mean tumor volnmls 
of the two treatment groups were not statistically different before dru^ 
treatment (day 1; F > ■0.752). The differences in tumor voiumes 
between the two treatment groups were statistically significant 
(P < 0.017) at all time points frona day 5 to day 22 [least-square' 
means of ]og( tumor volume), 0.91 ± 0.33 (mean ± SE)]. No sisnif- 
icant weight loss, changes in activity or deaths were observed during 
the period of drug treatment. 

DISCUSSION, 

The need for new treatments for glioblastoma is hiehliehted bv its 
devastation to both children and adults. Despite the recent inrroduc:- 
tion of an oral alkylating agent, temozolomide (30-32), very little has 
been added to prospects for increasing overall survival m panents with 
this disease. 

Disruption of Hsp90 chaperoning represents a novel approach to 
developing new anticancer therapies.. Numerous proteins indiiced in 

tne ErrOWth nf mnlicrnMnf rf^Uz •ac'^'r^r-^nt^ ,T,irK LXr-^on 't_- r 

_ "■=■ ■ — rvim j.i.jy^'w j^), miciier- 

• ence with this interaction targets the nonassociated protein fordesra- 
ciadon (34-38). Therefore, it may be possible to target proteins - 
important for the growth of malignant cells by disrupdng their asso- 
ciation with Hsp90. . ' ■ 

HF-2 kinase, is an attractive target for the treatment of high-grade 
astrocytomas and perhaps other ma!ignancies. The "markedly in- 
creased activity of uiis enzyme in glioblastoma muldforme (17) and 
. the cytotoxicity of specific and nonspecific inhibitors for this kinase 
support this concept (18). 3ecau.se EF-2 kinase is chaperoned by 
Hsp90 (20, 2i), we examined the effects of OAs on diorha and oLher 
rrialignanr ceii lines of neurogenic origin and found these qpjss to be 
potent cytoroxic agents that disrupt Hsp90/'EF-2 .kinase interaaions. 

G.A is a poreni inhibitor of the cionogenicity of several ceil lines 
i^t^cluding T9SG and C6- giicblastoma, Daoy medulloblastoma.'and 
SKNSH neuroblasroma (Fig. I). Table 1 listsme IC,o vaiues obtained 
arter a 4S-h exposure to GA that ranged from 1 to 3 nM. For C6 ceils, 
GA is 2500 times more potent than BCNU, a standard chemotherapy 
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i^iini ;n par:, lo ir 



aisruDiion or rtsp90 chape-oning, vv, . 
imencs to -.easure boih she associarjon 2nd dspkiiorfc 
rudies revealed a sood co 



iouon baivveen ^he 



zy-it. Thes 

concsntraiion of d.-jg required lo disroot H^9Q/EF^k^^^s 
:eract;ons and effects on cionosenic survival For--,]~-.C 
24 h incubation of T98G ceils with JO n,M GA 'thTre'S'T >S<^' 
decrease m ^.-2 kinase (>ig. 14), wiiich correlates With the IC,' 
ot . .HM oDtair.ed by clonogeoic assay after exposing the c^Hs 0 
drug ro- 48 h (Fis. 1; Table 1) W- cho<;' -s- c-.-' ■ ■ 



period to evaluate the effect of drv>=' 



exposure on Idnase desrada- 



uot> o avo,Q -.he pitfalls of st.dyitig the effects of druc'in , 
pop-ulaaoti in. whici^i one-half the cells were dead or dyij^o^S^rm 
hrly. we round a 70% decrease in EF-2 k.nase in C6 ceoV^xnos^d 
ror 24 h to 10 n.M GA, which correlates wuh the IC,, value Sin' 
0Dratne_d by clo.ogenic assay after exposing the cells to drue for 
7n ' / in .clonogenic assays for 17-XaG were 5- to 

10-rold greater Chan those of GA, wiiich correlates to the decr^as^d 
potency of this derivative in producing Joss of the kinase (Fi.V) 
Interrerence with rhe chaperoning function of Hsp90 is known to 
be^ detrimental to associated kinases. GA disrupts" the binding of 

r^'n'/TU" '^"'"'''^ °^ coimmunoprecipitarion (Fi.. ■ 

and 4). The disruption of .this mteraction is associated with 
decreased Eh-2 kinase protein content (Fig.. 2). Schulte er al 
demonstrated that the serine/threonine kinase, raf-1, is raoidlv 
destabihzed on addition of GA, which disrupts the Raf-irrfsppb 
molecular corr,plex (38). Tne disappearance of EF-2 kinase in 
glioma cells treated with GA is likely caused by this .oiechanistr 
These data are consistent with a propo.sed mechanism by which ' 
GAS disrupt the chaperoning of critical cellular proteins leadina ,0 
targeted degradation (38, 43. 44). Further insight may be.cained°bv 
invesngating the mechanism by which the EF-2 kinase ^rorein i's 
degraded. Published reports (45-47) point toward the roleTf G.A 
in targeting proteins for proteosome degradation.. 

GAs a.^e likely to af.fect numerous inTrac.ellular laroets that are 
critical for cell viability. In addition to raf-1 (26. 48-50), both GA 
and 17-A.AG deplete cells -of the transmembrane, protein tvrosine 
kinase pI8.=-B-, which has been implicated in onconenic' U'ans- 
rormation (45, 51). Treatment of lung cancer ceil lines^xpressin. 
pico 7.-^10 paciitaxel and 17-AAG showed synergistic activitv (5^)" 
1 /-AAG also destabilizes mutant forms of p53 (47) Ther-for- to 
• understand the importance of EF-2 kinase amons these ofb- 
targets, we u-ansfected parental T98G cells with either sense or 
antisense E^-2 kinase expression vectors. As expected ov^r-x- 
pression of antisense mR.NA and subsequent decrease' in EF-t 
kinase (Fig. 5A) reduced the viability and subsequent recov-^v of 
. transfected cloiies (53). Nonetheless, we were able -o studv- dru. 
sensitivity by choosing our most robust anti.^jense -clone for ih's» 
e.x?enments and compared this with a sense cione obtained duripo 
me same round of i.^ansfections. We then chose a shorter d^u" 
exposure time (24 h) to measure effects on clonosenicitv and 
repeatedly found the antisense clone to be more sen.'itive t'o GA 
:)3). ihis result is consistent with EF-2 kinase beins an 
important target ror the cyroioxicitv of G.As in aliortia c-M jin^-. 
however, despite the excellent correlation berw^een EF-'-kir^V, 
content and drug sensitivity (Fig. 5, .4 and 5), eiven the difncultv 
in recovenng viable antisense clones, we cannot rule oufrhl 
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aigniy npid-solubie and likely ro pene.ra.e :he Diood-faminl.^^' 
^insumman.. our results demcnscrate that GAs reDrsssnu new d^cj 
or an:^nncer arug. ^ha. h.vs potent activity .gai.« gJiobiastoma 
c.n . ..a.gn.nc cei! of t^eurogenic origin. The cornoounds dis. 
..a .ne interaction or,h^-2 tanase with K.,p90, leading to 'the desm.c- 
fon or :his_un!qye protein ;<inase meir/oer of-the cai.mo'dulin-niedin^d 
patiVway or signal Lransduciion. 
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rN VIVO ANTITUMOR ACTIVITY OF HEPBtmYC^^v A A Tv-n-rvr 

KINASE^NHIBITOR,TARGETEDAGAINSTBC?/iio4ipRO?^ 
■ IN MICE BEARING BCR/ABL-TRANSFECTED CEuf 

Mihiro Ok.be.;^ Yoshin.asa Uejmra.t Tak.yuka Noshima,t Toshin.i:i I-^.a * 
^^-^'-^yu^^' Kunieda,* and Mitsutoshi Kurosawa' ' 
■ ine ihhd Department of Internal Vfedidn-- -^T^.^ <^^~,-,^a n 
University School of Medidne. Sapporo oS^jkirand^S e^KS:^,^^,^^^ 

National Institute of Health. Tokyo 162': '^^In ' N'fclecdss, 

(/?e^e/^:erf7 Wnrc/j 1994. /?ey;5/w7 «ccsp^^^^ 

transfected m.urine hematopoieficfDC-S X ""^ and BCR/ABL- ' 

tyrosine kinase. In this stud?, the transformed FDr °'^.on '"'"^J"°" °^ ^^^'^^^ P^^^^'n 
rigenic in syngeneic DBA/2 mice t£ int aoPrtnnf ^^^^^ cells were demonstrated to be tumo- 
cells into DBA/2 mice induced nfil raVons or S^^^^^ transformed tumor 

within time periods proportional to he ceI°nunbeTs inn °' ^ied 

i.p. inoculation with greater than 1 x lO^ Slk To '^'"^ ^"^eived an 

injection inhibited tumor formation and s gnfficantly prolonCS^^^ 1 ^ ''P' 

mice inoculated with IxW cells herbimvcin r^omrCl?!?^ ^"'^ ^'^'^^er, in 

transformant FDC-P2 cells and brou h aboS 3 ,o-P'^^^^^^^^^^ °' 
the .,.0 efficacy of herbimycin I in mice bearTngfc^^SlTanS"";:.' ' 

inh?bi;.oT.?^t.r;?nSu^^^ .P-'^'^ tyrosine kinase, tyrosine kinase 



Introduction 

The bcr/nbl oncogene is the product of the Phila- 
delphia chromosome (Ph'). resulting from the 
. reciprocal translocation between chromosomes 9 and 
22 which are found in Ph '-positive leukemias which 
mainly constitutes more than 90% of chronic myelo- 
genous leukemia (CML) and approximately 20% of 
adult acute lymphocytic leukemia (ALL) [1-5]. The 
bcr/abl fusion proteins generating from the hybrid 
bcr/abl genes, P,2 10""'^^''" and P190"^-'^''*' e.xhibit the 
deregulated tyrosine kinase activity of ABL and 
oncogenic activity in vitro and in viuo [6-9]. 

Recent progress in the study of the bcr/abl crene 
and Its -product in Ph'-positive leukemia offers an 
opportunity for developing" several strategies for 
specific therapy targeted against BCR/A3L flO-i4]. 
Herbimycin A; an inhibitor of protein tyrosine kinase 
(PiK) that we isolated on the basis of its abiiirV to 
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cause rat kidney cells transformed bv v-src to revert 
to normal morphology with a loss of PTK- activity of 
• the transrormmg protein of p6(}'-[15], was shown to 
display a relatively selective antitumor activity for 
transformed ceils by oncogenes coding PTK[16] In 
lact. we demonstrated that herbimycin A displayed 
a preierential antitumor activity on the m vino 
p ;7.;- r-^iuvc oy rcGiucmg tJCR/ABL 
t-IK [i.j. In order to determine whether or not 
herbimycin A may offer a new therapeutic potential 
for Pn -positive leukemia, we have Lnvesti^ated the 
antitumor activity of in viuo administration^of herbi- 

r^^/At" ^^^l- ^'^'^ inoculated with 

-nrul n oncoprotein-transformed murine 
r;^",^ ^^-e '-sport the in viuo efficacy 

OL^tieroimycm A on mice bearing BCxR/ABL onco- 
protem-associated tumors. 



Maierials and Methods ■ 
Murine hctrunopoisdc ceil liiv.'s 

FeJ^- 17^ J^"^ .''^f'^^^^ hematopoieiic cell line 
r^L.-.^ wa. used m this s-Hdy. As control ceiis, P8I5. 



1? P7 ;/ 



•-ii-'iLion 



rivs w.iiiion i-DC-r^2 ceils were. ; 

or 2 m;v-ure of 30 ni Liocfec-ln (C--cf) .■ 

and 4 uc of pGD2iO reiroviral vectors ^r^^.^^r^^^n^^^^. 
oncoprcrein [S] for 15 h in serur^-free ODd-MEV ?^b-o> 
in tne presence of recombinant murine IL-3 (rmlL-S) vC-hF.K 
vvaspreparea from COS-1 ceiis iransfscted with Div2,^'^o 
coriiaining rp.'L-3 cDNA Th= -iii<- i--^-!, i ' J -'--^ 
DpvfT — . ^=I!S veie selected m a 

;^^f„\-'^^^'l^m to wh.ch 10% fetal bovine seru-i 

r3S) and 600 ug/rrtl geneticin (0418 sulfate ; C.bco) wer^ 
adoed in the presence of rniIL-3 for 10 davs, and were then 
;Ur.her selected in a medium lacking rmIL-3 for IL-3- 
mdependenr growth. In the absence of rr.IL-3 parental 

"^h'^f-^l Z.^'!^!-?>F>.^-=^-^^'"L-^ ^^C;?2. cells died 

transfected 



vvitnm /2 n. but G418-resistanT pGD210*'^';-"'-t 



■ y^i^^iu ■ -Liansrectea 

H ' f.H =^°^'' autonomously in a medium which 

'a^.dmiLo. As previously described in d=tail [1-51 t--in<: 

and the P210»^-'-/'"" oncoprotein. mx^.N.AS 
In vitro growth testing for herbimycin A 

The assay of cellular proliferation was carried out by 
usiiig the colorimeric MTT method. The cells (2 x lOV 

RpiiTr-^f ^"^t"^ '"P"'^'' °f 10^° FBS-added 

RPiVn_lo40 with or without herbimycin A, and cultured 
^^'^ --^^ ?ay\in a humidified atmosphere with 5% CO, at 

or' ^rPr'll S'-I'^'^'^K f °^ ' ^ "^S/"^' solution 
S o "7^ Vc"^ '-^''^^'""^y''^''^°'-2'5-diphenyl tetrazoliura 

?or it ?f - '^"^ ^RG) well ' 

tor ,ixt last 4 h, lormazan crystals were solibilized in 100 ul 
or isopropanol-0.04N HCl, and then the plates wer 
measured on a MTP-100 microplate reader (Corona Elec- 
tnc Tokyo, Japan) using a test wavelength of 570 nm with 
a reierence wavelength of 630 nm. 

Jej7ern blotting and immune complex kinase assay of BCRf 

Transformaht FDC-P2 cells were cultured for 16 h in the 
presence or absence of 0.2ug/ml of herbimycin A. whei^e 
^e viabilities of both groups were more than 90%. The 
cells were lysed in the presence of kinase and phosohatase 
nnibitors, as previously described by Lonao flSI The 
iysate was clarified by centrifusation at 4°c;and ?0 u» of ' 
proteins m tne supernatant were separated by SDS-PAGE 
m reducing conditions (lOOmM'dithiothrei'tol) Proteins 
were nlotied onfn a nr>h,,..;„„i.v).,_, ,.,! , 

- y^-j ' —^j t-^^^tz. uiiiuijiiuvi t iviiiUDore 1 

memorane. The BCR/ABL oncoprotein was identified - 
usmg a monoclonal anti-ABL protein (Ab-3, Oncogene 
i>cience, Mmeola. NY). \ > ^ .^u^cne 

The immune complex kinase assay was carried out by 
^ . (19 20],^ In bner.. the cells (1 x 10') were harvested 

Iv^^H 5r''.''r^"°'P"''''"^""'''<^"''""'= (^'BS). and then 
i)sea at 4 c oy sonication in 50 ihM THc-HCI d'-^? 5 
comaining 0.15mM NaCl. 0.1% SDS, 1% Triton'X-iOo' 
u.o./c soaium oeo.wcholate, 1 mM PMSF Th'^ drJur^d 
sample was treated with mouse monoclonal antihodv 
against c-abL .Ab-3 (Oncogene Science), for 1 h atVoorn 
ieraperature and was incubated overnisht aii'C Tmmun- 
comple..es vvith anti-ABL antibody were precioitated with 
mouse anti-IoG_2ntibody.coated protein A (Zvmed Lab- 
o.^.-ones, San rrancsco. C.A), and immunoprecipiiates 
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i^xaminadon of tiLnior cells and nssu^s 

described [21]. '^^^-"^'^ previoasiy 

Administration of herbimycin A 

Herbimycin A was isolated as described previously [151 
■1% IvMo^ t' " phosphate-buffered sa^me co 'airino 
1;= (V/V) of Tween-20. Various concentrations of her^ 

• f'oTdayl TTS^/'^^f'^^'^' '-P- injections daJ; 
rrom oays 2-0 and rrom day 12 lo dav r6 after eith/r 

i'nn.vi • ; •* ^ ^'^ 7^ 10' were moculated intraoer- 
uoneajy mto syngeneic DBA/2 mice on the first day.° 

. Expression of results 

Unless otherwise indicated, mean values ± one S D for 

BaTinXrS'Srr^ 

was carried out tisinga^ sTuden^s M tT d'Sults S 
interpreted to be significantly different 'when ^ < 0 OW 

Results 

■ In vitro antitumor effect of herbimycin A on BCRl 
ABL.-transformed murine cells ■ 
. We investigated the in vitro effect of herbimycin ' 
A against P210^-- o.coproteio-associated au on 
omous growth of FDC.-P2 cells transformed by a 
ransfection of the bcr/abl gene. Herbimydn A 
showed no significant inhibition of the erowth of 
parental hDC-P2 cells in the nre-^enrp nf ^k. ...JS 
supernatant of WEHI cells containing 'r;il:3: b;; 
did display an inhibitory effect on the growth of 
transformant FDC-P2 cells at doses showina no tox- 
icity on murine P815 cells and P3S8 cells (Fis. 1). 

Effect ofherbtmycin A or, BCR/ABL oncoprotein 
and tyrosine kinase 

;vVe previously reported that the antitumor activity 
o. aer.imycm A on Ph'-posuive leukemia ceiis seems 

BCRMbTpt^"'' mhibition on the activiry'of 
BCR/ABL PiK m spue of havins no effect on the 
expression or BCR/ABL oncoprotein [12]. Similarly 
tfi. immune coiriplex l<inase assay of 3CR/A^t' 
.revealed th-.r 'n»rh,-_.,-.- .:■ .. -v-'^-^ 

-.1-. .u... Du:i,y^u-i Gramaticaiiy suppressed ' 
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Concenlratjon of herbimycin A (^■g/mlj 

Fig. 1. Effects of herbimycin A on the in uitro i^rowth of 
parental FDC-P2 ceils, BCR/ABL:transfecLed\^DC-P7 
ceUs and synoeneic murine hematopoietic maiionant cells 
Errects o_f herbimycin A on ILo-dependent'^rowth of 
parental cells in the presence of the culture super- 

natant obtained from WEHI cells and autonomous ^rowrh 
.or transformanr FDGP2 ceils by a transfec-tion with^BCR/ 
ABL were assayed by MTT proliferation assay after cui- 
tunng for 72 h. In PSli and P3SS cells. MTT proliferation 
assay was earned put after the 72 h and 5 day cultures 
respectively. I he growth of PS15 cells and F3SS cells was 
not signincantly inhibited at low doses of herbimycin A 
showing an inhibitory effect on the growth of transformant 
rOC-P2 cells in the 72 h and 5 dav cultures. The results of 
:> day cultures of PS 15 and P38S cells are shown 



the auiophosphorylation activity of P210^'^'^^''^' tyro- 
sine kinasein BCR/ABL-transformed FDC-P2 cells, 
while it did not affect the amount of BCR/ABL 
oncoprotein (Fig. 2). 

Mice bearing twrior cells transfected with BCP^/ABL 
Transformant FDC-P2 cells were transplantable 
by either i.p. or i.v. injection into syngeneic DBA/ 
2 mice, whereas parental FDC-P2 cells were not 
transplanted. Mice inoculated with transformant 
FDC-P2 cells by i.p. injections exhibited a gradual 
increase of abdominal tumors and died within o-^ll* 
. ..;..yv v.- Li. i Lii J oi icm examiFi aiioiis 
revealed that tumor cells formed masses on the 
abdominal vvalls and infiltrated -mainly into mesentric 
and retroperitoneal lymph nodes (Fig. 3(A)). The ' 
invasions were observed in the liver, soreen. Dancreas 
and peritoneum (Fig. 3(A)), but were not noted in 
other organs induding the lungs and kidneys. The 
presence of the bcr/abl gtn^ in rumors was confirmed 
by Southern blot analysis with a human bar orobe 
(^L^. 3(B)). 



In vi'vo efficacy of herbimycin .4 in mice bearing 8CR/ 
A3 L oncoprorein-assoclaced tumors 
The study regarding determination of leihal dose 
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t^z. l. Suppression of BCR/ABL PTK activity by herbi- 
n^.ycm. (A) ror the western blottins-of BCR/AbL onco- 
. protean, transformant FDC-P2 cells were cultured fo?i6 o 

and then cellular protem was isolated. Twenty micro-arrs 
of protein were subjected to western blottino. (sTPor 

FnrT"" n^°'"°'" ^'''y (^CKAs), transformam 

• bUC-P2 cells were treated with or without 0.2 uo/ml of 
nerb.mycin for 16 h, After this the cell extracS were 
^Ttmunopreapitated with anti-c-«W monodonal antibodv 
J he resulting immune complexes were analyzed for their 
autopho.sphorylation activities. 

in DBA/2 mice has revealed that LD^oof a sinale i p 
injection or herbimycin A is approximately 20^nia/k<r 
body weight. The intraperitoneal injection of her- 
Dimycin daily for 5 days at less than 2.0mg/ka body 
weight was well tolerated with no obvious toxicitv' 
A marked reduction in subsequent tum'or fnrm^H^n 
and a prolongation in the survival rates were evident 
lollowing herbimycin treatment at doses of 1 0- 
2.0mg/kg body weight in mice inoculated with 
greater than 1 x 10-^ of transformant cells (Fi?. 4(A)). 
Furthermore, the i.p. administration with herbimycin 
A at 2.0 mg/kg body weight compietelv protected 
against tumor formation and brouaht about cures in 
all mice inoculated with 1 x 10^ cells, wherpas th^ 
!.p. administration at i.O mg/kg protected against 
tumor {ormation in two out of five mice (Fi<:' 4(B1) 
In contrast. PS15 cells and P3S8 cells. whTch'were 
.not sensitive to herbimycin A hi olrro. we^e tran^- 
plantable into syngeneic DBA/2.m.ice. and all mic= 
inoculated i.p. with amounis of erearer than i X 
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Fig. 4. Therapeutic effects of herbimycin A on DBV' 

h.rh^ ^l™.^.^ r°"P administered i d 
vvuh herbimycin A (O.lms/kg body wei-ht A— a-' 
LOrng/kg body weight, 2.o'n:gA.%od?weioht- 

1 x"lo4mor T '"^ ^^^^^ i-P- inoculation of 
i X IJ tumor cells (A) or 1 X lO"' tumor --Us (H^i Cnn-.r.] 
groups (O-O) were administered with v?hlct only b'e b ' 
significant, p < O.OOl (Student's r-test)! ' 



cells died within 12 weeks. In this case, herbimycin 
A administration had no effect on. their survival rates. 



PTK activity has been demonstrated to be associ- 
ated with stimulatory effects of many growth factors 
and vvjth transforming oncogenes such as src abl 
ros, fps, yes, and jes. These nndinas indicate that 
a vanety of PTK may play a critical role m the 
proliferation and differentiation of cells [2^] as well 
as in some malignant transformations of celis, whe^e 



tive in human 



Ph^-positive -leukemia is renres^^nt: 
■malignancies. Until now, s'everal tyrosine kinase 
innioiiors including genistein, erbstain and lav- 
endustm have been developed on the basis of inhi. 
Dition orEGF-associated fyrosLne kmase. In contrast 
lO taese inmbitors of receptor-ryDe tyrosine kinase 



In this study. .^vcijiTr^H ; ■ 
h-rbi--'T--n A -^^'^-t-d uhe in owo er.ncacv of 
n.,ou.,-on A in a n->unne model bearipaSCR/ARr 

oncoprotein-e.xpressina tra.Tisformed r^k r^ J 
form-d "DP -Di -^11 '^-"•"-<J c--Jli. Jhe trans- 

-Oin.d . DC-P. cells oy a transfection of BCR/ARr 

of^.s£tS!fe:™-^^^^^ 

of massive swelling of abdominal lymph nod " ' , 
the infiltration of abdominal or.ans and br;^ 
about fatal outcomes in mice. In This murL mod 1 
. bearing the BCR/ABL-associated tumor thT i n 

ecut Jelv ?o f ^i°'^- ^ days con- 

secutively roi 2 weeks significantly prolonged the 

S'^^" n were mocu at' d 

^-^thmoretha^l X 10-^ tumor cells and. funhermor^ 
completely protected against uloo tumo fS ™ no;' 
n mice that received 1 x 10^ cells with no oven de 
uects. Similarly, Hon.ma has previously described 
the ...0 antitumor effect of herbimvcin A in the 
munne model inoculated with highly v-.W-expr^"s ' 
.ng murine myeloid cell hnes. CI cells [23], ReS; K 
•t has been shown that herbimycin A also is a pot nt 
cytotoxm against malignant human tumors' w ti 
pnrn.tive neural features, and the tumori.enicitt 
nude mice of these sensitive cell lines can be markedk 
' b ' . 7 f administration of he^' 

.^.n^'f° tyrphostins, derivative 

nto future therapeutic developments aeamst various 

E. bB-2 (Neu) tnrough mhibitmg PTK activity 1-5- 
I'l Funhermore, it has been noted that PTK blo-k- 

Sl..=eT.f' ?7^?^'^" discrimm^ie - 

" transforming ABL oro- 

-^in. [.8j. In aaaition to these studies, our dAei- 
opment and study of herbimycin A, and further ' 
Q_evelopin£nt of chemical modincatio.ns mJ^ht o-.v 
v!de an important insight into future thel-apeutic 
aeveiopment according to a new strategy ol her 



oncoprotein 
leukemia. 



■^rzcitd therapy against Ph'-posirive 
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DT-Diaphorase Expression and Tumor Cell Sensitivity to 
17-Allylarnmo-17-deniethoxygeIdanamycin, an Inhibitor 
of Heat Shock Protein 90 

Lloyd R. Kelland Swee Y. Sharp, Paul M, Rogers, Timothy G. Myers, Paul 
Workman 




Background: To our knowledge, JT-allylaniinclz-clemetn- 
oxygeldanamycin (l7AAG>is the first inhibitor of heat shock 
protein 90 (Hsp90) to enter a phase I clinical trial in cancer. 
Inhibition of Hsp90, a chaperone protein (a protein that 
helps other proteins avo.id misfolding pathways that produce 
inactive or aggregated states), leads to depletion of impor- ^ 
tant oncogenic proteins, including Raf-1 and mutant p53 
(also known as TP53)- Given its ansnmycin benzoquinone 
structure, we questioned whether the antitumor activity of 
17AAG was affected by expression of the NQOl gene, which 
encodes the quinorie-nietabohzing enzyme DT-d-aphorase. 
Methods: The antitumor activity of IVAAG and other Hsp90 
inhibitors was determined by use of a su]forhodami:ne B- 
based cell growth inhibition assay in culture and by the ar- 
rest of xenograft tumor growth in nude mice. DT-diaphorase 
activity was determined by use of a spectrophotonietric as- 
say, and protein expression was determined by means of 
western immunoblotting. Results: In tv/o independent in 
vitro human tumor cell panels, we observed a positive rela- 
tionship b.etween DT-diaphorase expression level and 
growth Inhibition by 17AAG. Stable, high-level expression of 
the active NQOl gene transfected into the DT-diaphorase- 
deflcient (by NQOl mutation) BE human colon carchioma 
cell line resulted in a 32-fold increase in 17AAG growth- 
inhibition activity. Increased sensitivity - to 17AAG in the 
transfected cell line was also confirmed in xenografts. The 
extent of depletion of Raf-1 and niutant p53 protein con- 



firmed that the Hsp90 inhibition mechanism was maintained 
in cells with high and low levels of DT-diaphorase. I" ' AG 
was shown, to be a substrate for purified human DT- 
diaphorase. ConchiSLon: These results suggest that the anti- 
tumor' activity and possibly the toxicologic properties of 
17AAG in humans may be influenced by the expression of 
DT-diaphorase- Careful monitoring for NQOl polymor- 
.phism and the level of tumor DT-diaphorase activity is 
therefore recommended in clinical trials with 17AAG. [J 
Nail Cancer Inst I999,;91: 1940-9] 



Benzocjuinone ansamycins, such as hcrbiiuycm and gci-.^'"^i- 
mycin (Fig. 1), exhibit anticancer activity by binding to heai 
shock protein 90 (Hsp90), a molecular chaperone, and its ho- 
mologue GRP94 {1,2). In this interaction, geldanamycin com- 
petes with adenosine triphosphate at the N'-tefminal-binding site 
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ofHspvO /-?!. The iprercictic.1 results in c; ^osG-=--=H;.r..-^ 
de^adanon or several nTipon-c oncogenic prc:e.ns. inchS 
^'l:- ,':^T'^' "^r''-'' «'ild-type) p53 (also kno^^n 

i5 ir-o; (-.u C.eariv rhis moiecuiar profile offers con^l^er- 
.b:eporen::a! ror ancic-nior ac:ivicy. However, boch herh^rrvcin 
ana jeioanai-ycn h=;v2 iii-itations as dr^= Candida-, ha;:.;: 
^ oiyoor sraouiey and hep.corcxiciry (7). Tnl, has res^iced^'^; 
;r efforts ro discover improved svnthetic annioanes /i?) 
I 0.e sucii con^pound the iz-aliyhrnincn-den^echoxv 
|t icgue or geioanamycin (17-a!!y!ami.o,17-denierhoxv.eldana- 
V !; '^1^^. ""^ ^^^'^ shown to bind'to Kso90 

•■ (9). .nitnougn. nv rodent and dog toxicolocy stL'dies 'u\AG 
, reinms sonie of geldanamycin's toxicity in tkt liver. -Jlbladde. 
ond k-:dney U/Oj ,nd National Cancer Instittue [Ncfj dms data 
nie r.:^- i7AAG| u has a better therapeutic index. For ex^oie. 
l/.H.-... exerts anntumor activity against some human me'a- 
i noma xenografLs at nontoxic doses [NCI drus data file on 
I- I iAAL and (I/)}. Preclinical pharmacokinetic studies show that 
. pharmacologically active concentrations can be achieved in 

■ phsma and trs.sues [NCI drug data tile on 17AAG and (I?)] and 
ihat the major liver microsomal metabolite (.shown in I) is 
! /-ani.no, I 7-demethoxygeldanamycin (7 Jj. In view of Us novel 

■ mechanism of action and its good therapeutic index 1 7AAG has 
.ow entered phase I clinical trials as first-ia-class Hsp90 inhibi- 
lor u..Jcr the au.spice.s of the U.S. NCI and the U.K. Cancer 
Research Campaign (CRC). Recently, the structurally distinct 
macrocyclic antifungal compound radicicol (Fi" 1) has been 
.shown to bind to H.sp90 and inhibit its activity 0^-/7) ~ 
^ DT-diaphoiuss, an obligate two-electron-reducins enzyme 
[reduced nicotinamide-adenine dinucleotide (pho.sphate) • qui- 
none ox,doreducta,se: EG 1.6.99.21, catalyzes the reduction of 
vanous quinone.s (IS). As a result, cells rich in DT-diaphorase ' 
are especially .sen.sirive to quinone-containins bioreductive an- 
canc..,- ;,„ent.s. .such as mitomycin C and ^he indoloquinone 

^uy, u-hich net as prodrugs for activation to toxic forms by 
DT-a,ap c>ra.se f/9-2/;. .Some tumor types (notably, colon and 
non-small-cell lung cancers) have been shown to contain rela- 
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n^^y.=epartic.ariy.ij:TSJirS-t:?;- 
XHonorase prodrug approach. Aichough previous".^ %^ 

- ^ dt:^^;:;^;^ 

u..:ved .roni numan coiorectai cancer and ev;...,::" 
- .-u:apnorase &d not aooear to be oan:cu!arv .e^.^ Cirt::^ 
canamycm. However, it :s not known whethe^ ce ^'^x^-::^" 
.^Jeve. Of DT-diaphorase show aitered sa^^^^J;^- 

rJif"^''^ ''^'^y ^'^s to investigate whether 

Di-u,aphorase activtty has a role In the sensitivity o^^,'^^' 
tua.or cells to 17AAG. Initially, sensitrvitv""o 7AAG w^sT 
^.mea oy use of the CRC/Institute of Cancer Re e^ch C^)' 

panel or Id humsn co orerroi -.nH i i ^ - . ^^^-v 

in.s,inJaJ,ng some resistam to classical agents Como nr'^ 
dam were obtair--i I'n ^Pi^.-r*^ i- c , ^ompaiacive 

IttLSd to span the ran-e of sensidvitv to ITA^r^ ' I 
examined and confirme^d with data ^Lll'^a ^^J"^ 
human , ^.^ hypothesi that 1 if h 

DT-d,aphorase expression .was a major factor in detent n-' 
ce luhr sens.tiv.ty to 17AAG but not to geldanamycin 0 Scf 
col. To provide further conclusive data, sensitivity to MAG 

Z di^""T' I ""'^^ -^^^blishedisogenic paii'of ciume^ 
that differ only in the expression of the active NQOl oene Th!s 
pa.r IS composed of the human colon BE line [which con ail a 
d abimg pomt mutation in the NQOI .ene encoding DT- 
d aphorase (29)] and a subline stably transf^cted wtth the NOO I 
gene and expresstng high levels of funcdonal DT-diaphoS^ 
Fmal y evidence that the-Hsp90 inhi-bitory mechanism was r^' 

levels of DT-d,aphorase was obtained by immunoblot analysis 
of Raf-1 mutant po3, Hsp70. and Hsp90 proteins. The re u 
t^gest^at determination of patents' Nq'oi genotype d o 
tLtmor DT-diaphorase activity should be included in Z clinica 
evaluatK^n of 17AAG because variations in these chara teris c 
could afreet the toxicity and efficacy of the drug. 

Materials and Methods 
Cell Lines 

^ We used pands of Kuman colon a.d ovarian cdl lines. We obtained ceH Hn.. 

p--iviously'r50)'lnt' """" in-house a., described 

pieviously r.OJ, In . ome cases, xvc used si.blin« derived from a panicular o.r-nt 
me wuh acquired drug resLstance-to cispla.i,, (CHlcisR and A^'sOcis ov hn 
lines or ,0 doxorubicin (CHIdoxR and an SKOV.3 subline .s.ably " 

:iot"^'-Tr""" 

-urn r?u" , """''"^^^ ^^='"- 10% fecal cj 

..um, 2 mW glu^^Hie. and 0.5 ag/n,L hydrocortisone in 6% C0./9^% J- m 
lines were free of Afycoplasma contami.acion. 

Drugs arid Chemicals 
Gildanamycin, i7.AAG, and I7-annino,!7-deniethoxvo.[d.„,-,v-- ,., 

Growth Inhibition Studies 

^Z^h^^ ^'^"■°^;nodar.,inc B assay as described previously (30-37) for 
t owth .nh,bicion stuaies. Bnetly. we seeded tumor ceils into 96.wcn m'-.i Z 
Plnres, allowed the cells .0 attach overnight, and .hen added the dru CuX 
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pHcarc \vei!< =jid:C2red. Unless onhenvise ::-c:c;i;rd. s;;p;:>cG ceils ;o ur^ig 
Ibr 4 c:-ys. Thtreifter, :hi ceil nu:"ber in ;rencz:d versus con:"! u-^i 

sii\^ovhoc2:yi\Mt 3 in ::C^:ic acid. Tr.z IC^ci "---^ ccilcu-iiiiad :is {h= d:-:;-: c^;^- 
Le:^;r:uion ch^ic inhibics cei! gro^vrii by 50% ccinz^rcd vvi:h coriroi growth. 

Stabk Trajisfectjon of the NQGi Gene Into the BE 
HLi'man Colon Carcinonia Cell Line 

BE ceils C0[U:dn a point iKu::idon in ihe NQOi eind thu^ have no rune- 
dona! OT-diiipii erase enzyn-e ccdvicy ('29j. Wc used che biciscronic eNpres^ion 
veiCEOf pEFTRSS-? (3S) to express the NQOi gene in 3E ceiis. Lipoiectaniine 
iUf^ Technoiogies, inc. [GiSCO 3RLJ, Gaichei-sburg. MD) fcr tranhfection. 2nd 
puroHivein {0.5 ug/mL) for seiecdon. Resuidng clones were screened for DT- 
diaphorase enzyiTie acciviiv or protein by aii enzyn~Le assay or imir/cnoblouini:, 
r.e.s pec lively (see below). Full decaiis of chc vector construe [ion and rhe bioioLdc 
proper[ie$ of die srab!e iransfectanc^ will be published elsewhere (Sharp SY. 
Keli and LR, Vulenn MR. Branion LA. Hobbs S. Workman P: unpablished 
re.su J [s). The .liable [ransfecrants. designated BE-F397 clone 2 and 5t-Fj97 
clone 5. were used in ihe.se studies. 

DT-Diaphorase Assay ■ 

To derernnine whether 17AAG vva.s a good substrate for DT-diaphorase. we 
used [he standard cytochrome c assay, as described previously for the bioredirc- 
live indoloqtiinone E09 (34) and ^eldanamycln (27), but replaced nienadiotie 
with 17AAG as tJie substrate and iniennediare electron acceptor. We assaved 
extracts of the human colon cell line HT29 or purified htniian DT-dia.phorase 
protein {from J. Skelly, ICR.). For preparation of cell extracts, 2x10^ cells were 
trypsinized, washed twice in ice-cold phosphate-buffered saline fP3S). and cen- 
trifuged (MSE Centaur I; 1 100 rpm for 5 minutes at room temperature). The cell 
pcliet then was re.suspended in 0,5-1 niL of lysis buffer (PBS containing I7c 
Triion X-! i4 and 500 u.M phenyiinethyisulfonyl fluoride) and left on ice for 30 
minutes. After centrifugation (MSE Microcentrifuge; 12 000 ipm for 5 minutes 
at rooni temperature), the supernatant was used. for protein determination- and the 
enzyme assay. Results obtained for 17AAG were compared with -those for gel- 
danamycin. E09, and streptonigrin, an excellent substrate for DT-diaphorase 
(35). For all drugs, the difference in reduction of the menadione substrate in the 
absence and presence of dicoumarol (100 ii/V/}, a standard inhibitor of DT- 
diaphorase, was determined (27). 

Immunob lotting 

This analysis was performed as described previously (30-32). Briefly. 5 x iO^ 
cells were trypsinized, washed with PBS, and lysed in 100 fxL of lysis buffer at 
4°C for 1 hotir. Lysis buffer contained 10 mL of 150 m;Vf jVaCl-^O m.-l-/ Tri.s- 
HCl (pH 7.5). 500 p-L of 20 vnM phenyimethylsulfonyl fluoride, 2 |xL of apro- 
tinin f 1 0 mg/niL, stock solution), 2 i^L of leupepdn (10 mg/mL, stock solution). 
100 fJiL of 10 ni'V/ sodium ortliovanadate, 100 ;xL of Nonidet P-40, and 100 ^iL 
of 20% sodium dodecyl sulfate (SDS). Lysn-tes were centrifuged (MSE Micro- 
centrifuge; 12 000 rpm for 15 minutes at 4 °C), and the re.«;uliing protein e.xtracts 
were separated (50 fxg/hme) by SDS-polyacr>d amide gel electrophoresis and 
eiectrob lotted to nitrocellulose filters. Antibodies to Hsp90 and Hsp70 were 
obtained from StressGen (Victoria, Canada), and antibodies to Raf-l and p5j 
(bOl) were from Santa Cruz Biotechnology (Santa Cruz, CA). A monoclonal 
antibody to the rat DT-diaphorase (which cross-reacts with human diaphora.se) 
was supplied by R. Knox (previously at CRC/ICR, now at Enzacta Ltd., Salis- 
bury, U.K.). .Antibody binding was identified with horseradish peroxidase - 
labeled secondary antibodies combined with enhanced chemi luminescence re- 
agents (Amersham. Buckinghamshire, U.K.) and autoradiography. 

In Vivo Effects 

BE vector control cells and BE-F397 clone 2 cells were established as sub- 
cutaneous xenografts by injecdon of 5 x 10* cells into the ftanks of adult female 
athymic nude (nu/nu) mice. The and tumor effect of 17AAG was detenviined in 
mice bearing compambly sized tumors (6-S mm in diairteter) derived from these 
ceils. .Animals were randomly assigned to receive vehicle alone (nve or six mice) 
or 17AAG (five animals; do.se schedule = SO mg/kg per day in 10% dimethyl 
sulfoxide and 90% egg phospholipid by intraperitoneal injection on days 1-4 and 
days 7-il). Before this ciinicai formulation was available, 17AAG was admin- 
istered to mice be?jring HT29 xenografrs in j0% dimethyl suIfo.Kide-0,05% 
Tween 20-90% NaCl, with a dose schedule of 80 nig/kg per day on days C-3 and 



days 6-iO. :his dose a=;d schedule were derived fron- previously ccrforr--= 
experi::;en:s [NCI drjg data :\\t o:-l :7aAG and i; 

Tumor si'e v.-as deter-ii^ed :wice ^veekly by caliper :"ea^:;;:-::;e-:^. an^c ru;^..,- 
vo:u;-es were caicuiared {vok;n:e - x .V ;< -1/6. whei-e and h areor;;^^^^ 
nai tu~or d:::;-etirs). i un=cr voiL^mes were then expressed as a Dcrcciuaiic : ■r'^Z 
voiun-e a: ;he scan of treacme::: (reiccive runner \'oiu;r;el The ef-ec; of d-. • .{rZ 
was detern-iined by vr^■^ growd: deiiiy. i.e.. Lhe difi'ererice in days reqidred ;<;r ^h! 
voiun-e of tu:;;ors in con:ro! and trei^ird ani;i::ds io doubie. Aii nroced'--^- 
involving aniiT^ajs we;-e pei-fcnned wirhin the guidelines set out by tiie insdtuie^^ 
Animal Ethics Committee and the ijnited Kingdom Coordinating Ccmmiuee^?br 
Cancer Research's ad hoc-Coir^iivi^t on the We! hire of Animais in Exp-^-ir 
ml Neoplasia (36). ' 

SLntisticai Analyses 

Where indicated, eirors are presented as standard deviation (n ^3). Correia- 
tion tests and ji.near regression analyses were computed with- S.AS IMP "SaS 
InSLttme. Gary. NC). We assessed correlations with a Spearman calcui: n for 
the CRC/ICR panel and with a Pearson calculation for the NCI panel. Aiinou^h 
the Spearman statistic is technically more roDu^^i. the Pearson .sratisdc'was used 
for correlations in the NCI panel for historic continuity. The likelihood test for 
linear model comparison was perfonned with S-Plus {iVIathsoft, Seattle, W'A). 
Ali R values are rwo-sided. 

Results 

In Vitro Growth Inhibition 



The./V? vitro growth- inhibition properties of geldaniv--vcin, 
. i7AAG, and radicicol against panels of human colon (1:- .mes) 
and ovarian (1 1 lines) carcinoma cell lines are shown in Table 1, 
A. The IC^fj value for 17-amino, 1 7-demethoxygeldanamycin, 
the major metabolite of [7AAG, is also included for some.hnes. 
hi most cell lines, all four compounds potently inhibited erovvth, 
with IC30 values of less than 2.5.fxM. Notably, one ovarian 
cell line (the 41 M line) was relatively resistant (IC^^j >2;5 \xh'[) 
to all four Hsp90-.interactive compounds. On average, i^eldana- 
mycin was the most potent agent (mean IC^^j = 50". 1 nM), 
with similar values obtained for ' 1 7-amino, 1 7-d :etb- 
oxygeldanamycin (mean IC^^'^ 47-n/V/ in a subset of nine cell 
lines). I7AAG showed intermediate potency (mean IC50 = 
220.4 nyV/), and the least potent as:ent was radicicol (mean 
IC50 = 587. 4 n;Vf). 

Bar graphs showing the [Csq values (Fig. 2) reveal some 
interesting differences in the patterns of response for geldana- 
mycin, i7AAG, and radicicob^ Notably, some cell lines (e.g., 
BE and LoVo colon cells) are relatively resistant to 17AAG 
but not. to geidanamycin (or radicicol). In contrast, colon 
ceil lines LS174T and KM 12 were relatively rcsistani gel- j 
danamycln but not to i7AAG. We have compared patterns of 
response for 25 cell lines (exd'ading 4iM because this tine was 
resistant to ali compounds) by use of Lhe Spearman analysis. 
Positive, but not statistically significant, correlations were ob- 
served between geidanamycin and radicicol {r = .36; P = .OS) 
and between geidanamycin and i7AAG {r = .33: P = .10- 
There was, however, no correlation between 17AAG and radici- 
col {r = -,03; P = .72). Results indicate rdadvely distinct 
patterns of response for the three compound.s. i7-Ar -no,!?-, 
demethoxygeldanamycin was studied in only a few hne.> in tb" 
panel. With the e.xcepcioh of LSi74T colon cells, which ar^ 
relatively resistant to geidanamycin and more sensitive to tn^' 
17-amino metabolite, the two compounds behaved siinil^i^')'. 
across the paneL ^ ■ 

Activity in Acquired Anticancer Drug- Resistant Cell Lir^^^ 
The In vitro potencies of geidanamycin, 17AAG, and 

radici- 
col have also been evaluated in vaidous anticancer drue-rcsisE^^^''^ 
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^isRlLo'n?/'"w' ^° "si^I^tin 

l-eJ orofMRPl (SKOV-3 S2) (T.ble 1. B). 
'•!'nec ' geldanamydn was observed 

-^^?o if i n' Seldannmycin was markedly 
e .VrRo -^-Slycoprora^n-overexpressing ceii lines and b 

Loverexpressing ceJl lines than in tlie parent ]in=s 
-^^^•■ng Char geldanamydn is a sobstrate for these uhi ";: 
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.re., or lower :han the .can IC,, calculated fo^ 

n^an IC across the whole panel were as follows: i^ lM^^^C " 
220,4 n.W ror i7-.^AG. a.id 5S7.4 mV/ for radicicoi. g^ld-^^a-'ivctn. 
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^Ttfr K ^"^'^ -^^^h^r less clear For 

17AAG because the parental CHl ovarian cell line is r-^l'l 
resistant to 17AAG. although there is at i^as^ a " 5 f d d ^ ^ 
resistance to 17AAG in CHldoxR. The lev^of cS'^sist^ce" 
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Growth Inhibition and DT-Diaphorase Enc^ynie Actiyiry 



pounas and Bii cells have a 
NQGl gene (29X ihe lack of E 

rl It 



-QiaDhorass aciivjc^' 'n v'^f^^t 
ails couid be involved in their surorisindy h^ch reinHve r^s's 
tance to iTAAG and lew reiaave resiscan^ to sdcianai^vcin To 
explore ihis possibility, v/e measured DT-diaohorase ^enzviP.e 
activity and IC.o values for geldanamycin. 17AAG. and r-dici- 
col in ]] cell lines (selected from those shown in Table i) with 
a broaa spectrum of responses to riiese compounds (Fio 3) A 
statistically signihcant negative Spearman con-elation was ap- 
parent for 17AAG (r = -.Si: P = .002). Cells with ma,-.inal 
Di-diaphorase levels were lelativelv resistant to 17AAG" but 
che.re was no statistically significant correlation between s-nsi- 
tivity to geldanamycin or radicicol and DT-diaohorase levels 
{P - .^3 and .76. respectively), Thus, we have identified the 
- potential for a causal link between e.xpression of DT-diaphorase 
and sensitivity to 17AAG, but not geldanamycin, in the CRC/ 
ICR panel ot coloi-ectal and ovarian- cell lines. 

We then repeated this analysis with the NCI panel of 60 cell 
lines which are derived from a diverse group of human cancers 
(28). We have reported previously the DT-diaphoVase activities 
tor this panel of cells (23) as the logarithmically transformed 
values that are normally used for analysis in the NCI panel We 
used coi-reladon tests to explore the hypothesis that DT- 
diaphorase levels could be directly responsible for the sensitivity 
diiterences observed among the cell lines. The x°earson coiTela- 
non coefiicient indicated a weak positive relationshio between 
. DT-diaphorase expression liiid sensitivity to 17AAG (r = 11) 
The coiTelation between DT-diaphora.se and aeldanamvcin was 
. also weak, with possibly a negative trend (r = -.15).' Neither 
con-elation was stadstically sisnificant: (P = 43 and 24 r- 
spectively). We then tested the hypothesis that, although DT- 
diaphorase activity may not predict sensitivity to 17AAG di- 
rectly, ,t might explain why some cell lines are more sensitive to 
I7AAG than to geldanamyciii. VVe tested this hypothesis by 
comparing the following two linear resression models- 1) 
17AAG sensitivity = geldanamycin sensidvity -r error, aiid 2) 
17AAG sensitivity = geldanamycin sensitivity + DT- 
djaphorase activity + error. Because 17AAG and geldanamvcin 
are reasonably well correlated (r = .SQ; P<.0QI), both model's 
the data well. However, more important, inclusion oF'dT- 
diaphorase caused a statistically significant (P = .03) improve- 
ment m the fit as measured with a likelihood rado test (analvsis 
of variance by use of the F statistic). Thu.s, DT-diaphorase is a 
statistically significant factor when the sensitivity oatterns of 
I / AAG are corapai-ed with those of geldanamyci.-!. Addition of 
multiQfug resistance protein status, as measured function-any by 
rhodamine efflux, did not improve the above model (data' not 
shown). 

Activity in Isogenic BE Colon Cell Lines That Contain or 
Lack the .Active NQOl Gene 

To mpre direcdy invesugate the role of DT-diaohoi-ase in 
meoiating tne cytotoxicity of 17,AAG. we stablv fransfect^H th- 
BE cell line with the NQOl gene encoding DT-dianhorase 'As 
snown by immunobiotting, the resuldns BE-F397 clone 2 and 
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Fio- 3. Reracionship between m vitro growih inhibition DT-diaphor:ise cx- 
pres.sion for he:iE shock protein 90 inhibitors. The results .ire disphtyed as a piol 
o{ [C,o (menu drug concentrations thjt inhibit srowch by 50% U .i 96-hour 
exposure) vei-sus DT-diaphorase enzyme acdviry and Df-diap^u:i..:-e enzyme 
nc^iVicy [or licidananiycin (A), w-aiiyianiinoJT-demethoxvHddanunivcin (BJ, 
and radicicol (C) in the followina II iniman lumor cell iines^ 1 - CHI (o^'^f 
ian): 2 - 4iM (ovarian); 3 = LS174T (colon); 4 = BE (colon)- 5 = HCTU6 
(colon): 6 = A27S0 (ovarian); 7 = HT55 (colon); 8 = UMPI5 (colon); 9 
LoVo (colon); 10 = SKOV-3 (ovarian); and 1.1 = HT29 (colon). 

the- naturally high DT-diaphcmse-containin? colon line BTli 
possess Similar levels of DT-diaphorase protein (urnublislK^ 
results). Enzyme activity darn suppoi-ted the imniunob: -rdng oo^- 
servaiions. Values (measured as the dicoumarol-inhibicable ^. 
auction of -menadione and expressed as, micromoles of cyJ# 
chrome c reduced per mmute per milhgi-am of protein) are i 
rollows; Bt vector control cells, unmeasurabJe activi^^ 
.:<0.002); BE-F397 clone 2, L4 ± 0.5; BE-F^97 clone 5, l-^-t 
0.2: and HT29, 0.94 ± 0.2. This HT29 activity is similar to ^ 
activity obtained previously with the same assay (27)^ 
Lional validation of the model was- provided by\he obssrv:J# 
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-ic jnuodiiction of [he D i-diaphorase ^...e Imo BE ceiis sub- 
sroniially enh;inced :he poKncy or Suepionigrin. nn exccUcpr 
pT-di-phcrass siibsirace and bioredijccivs asenc. The cie^v-^ r.f 
oowrHiacion correiated with DT-diaphorase'ieve!s and^ctlv-Vv 
iil7-fo:Li po:entiadon in Bi-F397 clone 5 and ]42rfoid r^cieiv 
ii^dcn In BE-r?97 cicne 2). Further details wiii be DubjkHjd 
jise-vvh-i-- • ■ ' " 

Dose-response curves Jor geldanamvcm and 17AAG BE 
vector coutroi ceiis and 3t-r397 clone 2 are shown in Fia ^ a 
AUhough me wo lines showed siiralar sensicivitv to 4ldanV- 
niycin, B.t vector control cells lacking DT-diaohorace w-e 
nuL'iedlY less sensitive to 1 /AAG. The degrees of Docentiation. 
(in terms of IC,„ values) for geldanamycin. i7AAG. 17-' 
ainino.n-demethoxygeldanamvcin, radicicol, and herbimvcin 
observ.-.l when DT-diaohorase was introduced into the BE colon 
cell line are shown in Fig. 4. B. Notably, a 32-fold potentiation • 



was Observed wuh i7AAa whereas a less than i.^^m. -r. 
;enr:atiGi. ^is observed for aii od-er cc-pcunds evalun^.H^i^^ 
second test of fce effect of DT-diaphorase on the .ro w;;:";:;^;;:: 
tory properties cr the^e ccn-?oiinds (Fig. 4, B). Hf29 cr^^o^'^w 
li^ru-aliy high in D't-diaphorase activity) were ccinoa^ed Z^i 
bt. parent ceiis (no measurable DT-diaohcrase ac-ivitv^ R^..":;; 
generaiiy niiiTcred trpse resuits ooserved with the' Uoa^^:'" 
transrected pair of Bt lines, with oniv i7AAG. of rhe K^l^c^^ 
aihioitors tested showing a marked DT^diauhorase-niedlcf^ed 
ditierential effect (87-fbld potentiation). It is of interest In this 
pair of hnes that HT29 cells had a strikingly greater sensitivitv 
.0 ramacol tnan did BE cells, an effect not seen with rhe l.o- 
geni-c BE cell line pair. 

Reduction of 17AAG by Purified Human DT-Diaphorase 




O.01O . G.100 1.000 

Concsntration (j.uVI) 



. -JO-OOO- 



100.0- 




Ge{d 17AAG 17amino Rad 
Drug 



Herb 



.Cl' DT-diaphor.se gene (NQOl) transfection on resoon^e to h^H 

cC,' 'w'^l^^^ (Hsp90) Inhibuors. A) Dose-response curves for BE vector 
^X^b^I V'^- ^--^'^^ ^ O) ror oeidanamvcin (Geld; open 

fi^AAc'' ''"'^^ ''''^ i'^-aUyIaminoJ7-demethoxyoe!dananiycm 

^f^rnpa../^^.'^ symbols, confmaous iinL^s). B) Extent of potentiation in hish 
^^Idan-^', '^-^^ ^"-^^^Phorase-expressing cells for the asD90 inhibitors 
■'''^^ci^ow?^'^' 17-aminai7-demerhoxygeld;in^mvcin (17amino) 

th- - ''^ """"^ herbimvcin (Herb). Fold-potentiation = drus concentrn- 
'-Dhoj^f '"""'^^^ ^'^^^ ^^^^^o) in cells exDr^ssing low l^vtb or DT- 

^>=ve| ^^^-^ P^^en^^il or Bt, vector conu'ol HneyiC^o i-^^ ceils exoressine a hM, 
^^mroi/r.- "■'■^=^'P^'0^-^se (3H-F397 or HT29 colon line). Solid bars - 3£ ^ 
t-i-Jy? ce!!s-; cross-hatched bars = BEfH"a9 cells. 
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..avmg demonstrated a potentially imoortant role for DT- 
diaphorase m ceUular sensidvity to 17.AAG. we used a menadi- 
one substrate replacement assay as described previously (27 
to determme the ability of this agent, geldanamycin ' and ' J 7- 
ami.no, 17-demethoxygeldanamycin to act as substrates for puri- 
fied human DT-diaphorase (Table 2). Streptoniarin (35). an ex- 
cellent sub.strate for DT-diaphorase, was also ^included in the 
compai-ison. We found that I.7AAG was a reasonable substrate 
torDT-djaphorase, but it is not appreciably better than -eldana- 
mycin or J7-amino,i7-deraethoxygeldanamvcin. This is'perhaps 
surpnsmg in view of the cellular data. The DT-diaphorase- 
mediated reduction rate was similar for all three analocrues each 
at a substrate concentration of 10- fi.;V/. At 50 (x/Vf. 17AAG and 
I7-amino,l7-demethoxygeldanamycin gave'twofold to threefold 
higher rates than geldanamycin, and. the difference was even 
greater at 100 ^M. Geldanamycin at 100 .ll/V/ resulted in sub- 
strate inhibition, which was not observed with the other two 
analogues at 100 fx;V/. The latter two concentrations, however 
are much higher dian the pharmacolosicallv relevant ran^^e It 
also should be noted diat all three of the ansamycin analoc-ues 
gave reaction rates that were substantiaUy lower d-.an rat-s"ob 
served for streptonigrin (Table 2). Widi the sti-ucturally distinct 
Hsp90 mhibitor radicicol, which lacks a quinone moiety no 
reducdon was observed. 

Effects of 17AAG on Hsp90, Hsp70, and Oncogenic 
Proteins 

10 aetenrane whether the mode of action of 17AAG was the 
same in cells expressing low and high levels of DT-diaphoi-ase 
and to guide the choice of molecular phai-macodynamic i^arkers 
m the immment clinical trial, we measured the levels of Raf-1 
mutant p53, HspQO, and Hsp70 proteins in vector control cells' 
. and transfected Bt cells treated with 17AAG (or geldanamycin) 
Levels or these proteins 6 and 24 hours after the addidon of 
equito.xic (continuous exposure to 5x and lOx IC ) or 
equimolar (0.15 and 0.3 yA^ geldnnamycin or 17AAG .re 
showii m Fig. 5, No cinange in Hsp90 protein levels was ob- 
servea. A smuiar marked reduction, esoeciallv at 2i hour-; was 
observed for Raf-1 and p53 protems in the BE vector control 
cells and BE-F397 clone 2 cells at equitoxic concentraiions By 
contrast, an increase in Hsp70 levels was observed. Forgeldana- 
mycm or 1 ./AAG at equiraolar ccncenti-ations (0.15 ore's 
no change in any of the four proteins was observed in the BE 
vector control cells expressing low levels of DT-diapboras» 
consistent with dieir cellular resistance at these concen'trations' 
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- i-edi:ced p-r ;i-i;u:;e per ^T^g of p;-o-:;i 


-Mi-ndion;:. iO u/W 


i iSS.5± =617 




20c. i =6.0 


Sirop'OMieriiT. 25 iL-yf 


i59.l ±9.0 


Screpronieriri. LO iiA/ 


i7e.6.±65.5 


Gcidiinai-ycin. H}0-a:Vv 


L5 ±0.S 


Celd:in:imycia. 50* aA/ 


7.2 ±3.3 


Gcid:M]amycin. 25 


7.0- i.O 


Geidanao'ivcin. 10 iiM 


4.3 ±0.6 


I7AAG. ibo 


20.5 ± 2. 1 


I7AAG. 50 fx.'V/ 


■■ 15.0 = 7.9 


!7aAG. 25 11.M 


S.3 ± i.3 


!7AAG, JO a/V/ 


3.6 ±0.6 


17- Ami no. lOO }xM 


17.6 =5.3 


//-Amino. 50 


22.S± 3.6 


! 7-.Amir.o..25 u./Vf 


i 1-7 ±4.3 


1 7- Ami no. 10 \lM 


6.S ± 3.5 


Riidicico! 


■ ND 



='=Vaiues are individual or mean ± standard deviation (n 
tN'D = not detec[ab]e ac ail concenirnrions tested. 



In Vivo Effects of 17AAG 



3). 



We determined the effect of 17AAG on the response of the 
BE vector cona-o] ceils and BE-F397 ceils when grown subcu- 
taneously as solid tumor xenografts in nude mice. 17AAG was 
administered at the maximum tolerated dose of SO ms?/ke per 
day intraperitoneally on days 0-4 and days 7-i L a schedule that 
is active on sensitive xenografts [NQ drug data file on i7AAG 
and (] I)]. The xenograft tumor grown from the transfected BE- 
F397 cells (Fig. 6, B) was .more sensitive than the BE vector 
control cells (Fig. 6, A). The growth delays, calculated from the 
Lime required to reach twice the treatment voiume, were i [.4 
days for the BE-F397 xenograft and 5.8 days for the vector 
controL For the HT29 xenograft (and a simihtr schedule of 80 



n-g/kg per day inLrapen-oneaily on day^ 0-3 and davs■^-in^ „ 
growrh delay of 16.6 days was observed (Fi^. 6. ClE::^^'-^^^^ 
rno: shown) confirmed th:^c :he chffereaces ia .DJ^^^)^^^^ 
expression seen ^2 vlira were n^ainrai-ed in lot xt^o--^-^'^!''^ 
not shown), ihus. che HT29 line wich c naciiraiiy hi^~W-T^ 
Di-diaphorase and also riie iransiec-d EE-F397 Hoe were ' 
seiisidve iiij^ivo Umn che EE vecror conrrol ceils ihn: h^-^ ^^\^! 
level of D l -diaphorase acriviry. 

Discussion 



I /AAG is currently enteri-ng phase I clinical trial as che first 
in-cKis.s_ Hsp90 inhibitor, under the auspices of rhe NC' and 
CRC. ireaiment with nils drug results in the depleti-. " of a 
number of important oncogenic proteins, inciudiaa RaVl 
ErbB2, and mutant p53 protems, from tuinor ceils (7 4~~6 9) h 
this article, we show that the levels of'DT-diaphorase activiuy in 
a tumor cell are an important and statistically sianificant deter 
minantof how well 17AAG will inhibit the -rowrh of that tumor 
celL Evidence for this role of DT-di aphora.se comes from the 
following three observations: 1) There was a statisncaUy sicrnif]- 
cant^correkuion between DT-diaphorase activity and sensihvity 
to 17 AAG for 1 1 human colon and ovarian cancer cell liiv from 
die CRC/ICR panel. 2) Subsequent interrogation of diu-i from 
the NCI panel of 60 human tumor cell lines supported the hy- 
pothesis that the level of DT-diaphorase activity was a contribu- 
tory factor in the differences in the sensitivity of tumor cell lines ' 
ro 17AAG compared with geldanamycin. [in an analogous way. 
the differences in sensitivity between methotrexate and tiimet- 
rexate in the NCI 60 human tumor cell line panel have been 
explained by differences in the levels of reduced folate carrier 
.protein (37),] 3) Transfecdon of DT-diaphorase into rhe BE 
human colon cancer cell line, thereby creating pairs of >genic 
cell lines differing only in DT-diaphorase expression, resulted 
in a marked increase in 1 7AAG-induced growth inhibition In 
y'nro and an increased response to i7AAG^//?. vhxh The desrec 
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Fig. 5. Reprcsentn[ive imrriLinobiots for heat .shock protein 
90 (Hsp90), RAF-i, p53, and Hsp70 fa.s indiaitecl)* in B'E 
vector conirol or BE clone 2 cells expo.sed lo equitoxic 
concentrations (5x or lOx drun concentrations that inhibit 
growth by 50% [IC.J) of geldanumycin (0.2 and 0.4 
for 5x and iOx lC,o in BE vec[or control ceils :ind 0.1 and 
0.2 P.M for 5x and lOx IQ.r. in Bt-F197 clone 2 celi.s. 
respectively) or 17-allylamino. 1 7-deiTiethoxyge)danamycin 
C17AAC: 7 and 14 fx/V/ for 5x and lOx jC.o^in BE vector 
control cells and 0.15 and 0.3 fi/V/ for 5x and ]0x rC,„ in 
BE-F397 clone 2 cells, respectively). Two fixed concen- 
u-arioas of 17 AAG (0.15 and 0.3 ^-S^) are also shown for 
RAF-i in the BE vecior control ceils. Cells were e.xpos^d to 
da-g for 2 hour.s and harvested 6 and 24 hours after expo- 
sure. Lane 1 = 6-hour incubation of untreated cells; lane 

2 = 6-liour Incubation in geidanamycin (5x iC.o); lane 

3 = 24-hour incubation in geidanamycin (5x IC.o); lane 

4 = 6-nour incubation in geldanamycin (!0x IC,o); bne 

5 = 24-hour incubation in geidanamycin (lOx IC^o)- ^^1"^ 

6 = 6-hour incubation in L7AAG (5x IC^„}; lane 7 = 
24-hour incubation in 17AAG (5x IC,,,}; lane 8 = 6-hour 
incubation in i7.AAG (IOx lC,o); lane 9 = 24-hour incu- 
bacicn in I7AAG (lOx IC^o); and lane iO = 24-hour in- 
'cubation of unireated cells. Blctts for the 3c vector control 

cells and 17AAG are ai.so shown. Lane li = 6-hour in- 

cubation of uncreated cells; iane 12 = 6-hour incubation in'0.15 a:W 17AAG: lane 13 = 24-hour incubation in 0 15 -AY ^aaG- 
0.3 ^A. HAAG; lane IS = 24-hour incucadon in 0.3 I7AAG; and lane 16 = 24-hour incub:::ic;n " ^nu'el^d 'Lis 
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J''S- (>■ Effect oF DT-diiiphorase expression on rhe response of hunian tumor 
•^i^no^raFts /// p/iyj lo 1 7-aIIyI:irninoJ 7-(Jenieihoxy^eldanamycin (17AAG). Tu- 
tiior 2rov.'th curves For mice bearing BE vector control (A), BE-F397 clone 2 (B), 
tir HT20 tC) xenoiiraris after treatment with 17AAG. Tlie dosing schedule was 
ftO mg/\.. p^.f- intraperrtoneally daily on dnys.i-4 and days 7-1 1 Tor BH 
't-^ors aiid on days 0-3 and days 6-10 For KT29 tumors. A = 17AAG; O = 
L^'^iHroI. Daui For relative tumor volumes are the means (± standard deviacioTi) 
"^-c aiiimais. 



In vitro growth inhibition con-elated with the level of enzyme 
^^^Pi"e.s.sion, being 32-fold higher in the transfected cell line with 
higher levels of DT-diaphorase and 22-fold higher in the 
ll^unsfe-r^.^! cell line with somewhat lower levels. Of interest, 
- ^^T-diaphorase effect was not observed with geldanamy-. 
^^^1'. ^"^^'•^'i-'^i in agreement witla data from a nonisogenic pair 
■^^0' Moreover, the effect was not seen with 17-amino, 17- 
^^'^SLhoxygeldanamycin, v/hich was identified as the major 
_''^AG inetabolite in human and mouse hepatic preparadons 



[^J) and confirmed as such in vivo (NCI dru^ data file on 
'^^-^^), DT-diaphorase activity -also appeared unrelated to the 
;^^t"ncy of radicicoL the siructurally distinct Ksp90-binding an- 
|^'°ic>tic. Indeed, BE cells that express a low 
^^^^horo.se were almost } 0-fold mor 



vel of DT- 
sensitive to radicicol than 



raaicicol sinews d^at the effect is not eeneii 
•nniQitovs or, .inceea. across a:i bcnzocLiincr 
precise mechanism by which i^igh levels 
tumor cells result in sensiiivicv to '"a 



raciciCGi 



^cj'oss all Hso90 
ansaniycins. The 



or Di-a:apnorase ir. 
.AG IS not clear. The 
observation tliat DT-diaphorase activi ty affects tumor cell sen- 
sitivity to-17AAG but-not to geldanamycin or 17-amino,17- 
demieihoxygeldananiycin is not explicabl-e in terms of dieir re- 
spective behavior as substrates for the purified human enzvme. 
Although we have demonstrated ihai 17AAG is a reasonable 
substrate for human DT-diaphorase, it was not appreciably better 
than geldanamycin or l7-aniino. 1 7-demerhoKygeldanamycin, 
particularly at more relevant drug concentrations' Only at the 
markedly suprapharmacologic concentrations of 50 and 'lOO p.M 
was 17AAG reduced at a statistically significandy faster rate 
than geldanamycin. For 17-amino, 1 7-demcthoxygeldanamycin. 
there was no appreciable difference in rate compared with'' eel- ■ 
danamycin. "'■ 

Given^the close structural similarity of 17AAG, 17-amino. 17- 
demethoxygeldanamycin, and geldanamycin (Fig. 1), it is clear 
that it is the ailyl substitution on the amino group at positron 17 
'that is responsible for tlie DT-diaphorase effect. Preliminary 
results with a range of 17AA.G analogues are consistent with this 
obsei-vation. We hypothesize that the behavior of the reducnon 
product of 17AAG must differ from the reduction products de- 
rived from geldanamycin analogues with other subsdtuents. 

The xenograft experiment confirmed that DT-diaphorase- 
transfected BE-F397 cells were niore sensitive than BE vector 
control cells in a solid tumor in vivo. The naturally hish DT- 
diaphorase-containing HT29 xenograft was also more sensitive 
than the BE vector control xenograft. Dose-response data were 
not generated in these experiments. However, -it seems likely 
that the differences seen in the in vivo xenografts were not as 
large as those observed in the same lines i.n vitro. One factor that 
would tend to decrease the contribution of DT-diaphorase levels 
in the xenograft experiments is the metabo}i:sm of 1 7AAG to the 
17-amino derivative, which is the major metabolite in the mouse 
(13). This could' be important because we "show in this article 
that sensitivity to the i7-amino metabolite is not affected by 
DT-diaphorase. Formation of the 17-amino metabolite is cata- 
lyzea dy cytocnromie r'4j\j, spec irj call y CYF'5a4 in human mi- 
crosomes (13). Thus, we propose that the sensitivity of a given 
patient's' tumor to 17AAG may be affected by the balance be- 
tween DT-diaphorase and CYP3A4 metabolism. Consequently, 
we urge diat both enzymes (or sumogates thereotO be monitored 
in the clinical studies that are now under way with 17 A AG. 

We determined that 17A.AG was operating dirough the risp90 
protein to sumulate degradatjon of the oncogenic client proteins 
Raf-I and mutant p53 by use of 17A.AG at equitoxic and 
equimolar concentrations and ceiis expressing high and low lev- 
els of DT-diaphorase. The depletion of client proteins repprted 
previously for bodn 17A.AG and geldanamycin (4-6,9} was seen 
in cells' expressing high and low levels of DT-diaphorase. At 
equitoxic concentrations of [7AAG or geldanamycin (5x and 
rOx rC^o) in the isogenic BE cell lines after 6 hours and. espe- 
cially, after 24 hours of drug exposure, there was a similar and 
marked reduction in Raf-i and mutant p53 proteins. At the fixed 
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-;o-C£ntrado-s of 0.15 or 0.3 uM .AG..^vhjch liihibiied 
grovvch of wild-r/pe NQGi-transfacred cells but noi EE vector 



- i ^ . w^v .i. , Y ^■^•^\J 

coniro! ceiiS: ^ners was no rsciiccion in RaM or cf3 Dro'e:n i:, 
ceils wiih low levels of DT-iiaphorase. whereas deoiecion was 
seen in the ce!is wi[h high levels of DT-diaphcrnse rhar did 
iespond to diese concenundons. Thus, uxrget acdvi-v was ~cin- 
uiineci in die presence of cne respecdve naive concenrr-ions of 
I lAAG, independent of tije expression of DT-diaDhorase, Thi> 
ruies out the possibiliLV ihat different target -nechanisms ooerare 
in cells expressing low and high levels of DT-diaohorase. 
Rather. D l -diaphorase expre.ssion incvsase.s the potency of 
HAAG via ciient protein depledon. 

In contrast to sfftcts reported in melanoma xenosrafrs nfr-r 
administration of 1 /AAG (IJj, no difference in the levels of 
Hsp90 was observed in our experiments. Ksp70 levels, howeve.r, 
were increased, consistent with the removal of HsD90-induced 
triinscnpdonal repression of Hsp70 when Hsd90 'is inhibited 
(38). Again, this effect was seen at equitoxic' concentrations of 
I /AAG m both high and low DT-diaphorase lines, consistent 
with retention of the Hsp90-binding mechanism. . 

The high constitutive expression of p53 in BE cells SLxroests 
a mutant p53 genotype. Effects on mutant p53 were consistent 
with cell- cycle effects of geldanamycin reported in cell lines 
expressing wild-type or mutant p53 .(39). In our own studies on 
the^A27S0 human ovarian carcinoma cell line (wild-type for 
p-x"!) and a subline stably transfected with the viral pil- 
inactivating gene HPVE6 (40). we found no difference in sen- 
sitivity to geldanamycin or I7AAG. Overall, the results indicate 
that p53 status is- unlikely to influence sensitivity to 17AAG. 

In summary, although uncenainties remain ret^ardins the pre- 
ci.se mechanism involved, our results clearly show tha°t expres- 
sion of DT-diaphorase can influence a tumor's sensitivity to 
i7AAG. It is also possible that NQOl expression could affect 
toxicity of 17AAG toward normal tissues. There are obvious 
implications for the clinical evaluation of J7AAG as an antican- ' 
cer agent because 59c-20% of the population (dependins on 
ethnicity) is homozygous for the genetic polymorphism used in 
this study, the DT-diaphorase-disabling point mutation in the 
NQOl gene present in the BE colon cell line (41). In addition 
the expression of D-T-diaphorase in human tumors is very vari- 
able (25,26), as it is in the cell lines studied herein and elsewhere 
(22-24). We suggest that, in addidon to measiu-ins desradation 
ot oncogenic client proteins and/or an increase in Hsp70 after 
■treatment with 11A.\G as potential marker, of activitv and 
therapeutic response, NOO i/DT-diaphc-ase cenorvpe, CYP3A4 
status, and also tumor DT-diaphorase levels should' be deter- 
mined. In particular, we propose that these measurements may 
provide useful indicators of efficacy and/or -toxicity and should 
be considered for the. phase I clinical trials of 17AAG that have 
recendy begun under the auspices of the NCI and CRC. 
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::r:i^i"-"™^-'-"^^^ »'Kds o- huvecs, srth* mn-v -.-.ctai 

r;:^ =^ « uppers tnat the c.:s=ie 

;r ' = = -"i^"-' ?«i o? ..hlbaor, ^^hbh is concentrated 

K.M-...J =!iniN,=„c-n g; ir,r,i=iior are c-jrrsr:,tiy 'j-der investigation. 

#2843 INHIBITION OF NF-k-3 EY A NOVEL PRCT=ASOM=^ IN-'R'Toq 
AND ANTi-TUMOS ACTIVITY IN SQUAMOUS CELL C.^C,N0m; J B Su ' 
cTsi- C yc^°»'-ancron, N Yah. J AcJams. J Mitchell. 'e 

°';he N,-.B transcriptional rsouiator. We have evidence s.c- 
' ^'^r^^^''- '^^ '-^'^"^ development, arid 

^ %T° Kib?n™ ro ^- °' '^^-^■3 °" '•''^ proteolysis 

D o ^sTorinhToi? PC *he 2es proteasome. In this study, a novel 

p^.easomejnniDi.or, PS.341 (Leukosite, Inc.), was used to inhiiDit NF-«3, and its 

f toyTnh^^ n ' ^ ^^"^*V °' '^"""^ '-"^ hur^an SCO cell lines. 

Dho?4 nobmv ! oe^nstrated by reporter gene and e!ect,-=- 

pn^f S - ^ ^^"'-''^ °' ^° '^^ conce.nt,'ation. This correlated v.ilh 
use^to show°h^^ de^nstrating an IC,„ of 10- M. i^cw cytonnet^ was 
t^^ti'^ f^-^ cuiotox.c:ty was preeedeo' by a cell cycle block at the G2/M 
ft-=ns,uon. A,n.,-.umor activity was also examined m vivo, and a significant dose- 

cvclP htrlr'^-^r,';M °^'^"J-°- "^P°^"^^ '° PS-341 induced a c4ll 

cycle block ac G2;M and was ateffot^nd to inhibit induction of NF-kB by ionising 

^w!- i'^I!' w!/""^!] Ino.^' f^.°' =°'"P°^n°' '2 £ seniitizer to iohidng 
rao,..,on. We found a 3094 ,n(^rea|§ icrraSicse.-^sTtivity by col.on<4>nic assay after ' 
.ccountins for oirect cytotofc e/fe£af the rfenjpt^/ft^^^ults suooest 
I the use OT proteasome iphitfeo^targetiTlI^rfe of NF-k-B msy'be a 
|ful .hsrapeutic strategy ihtostientUith squamous ceil carcinoma of the head 
3 neck. V - ' 



^2844 _^l=^BSPOJiS^^^MMAN MELANOMAS TO 17-.AAG IS ASSOO- 
^Ai^D WIi^^^WODULATiON O^E MOLECULAR CHAPERONE FUNCTION 
' Y;.^^^^^^^:j9f|;f^^ A Sausviile, Richard F Camalier David' 

. '^ Newman, aTuT-n^iuIirFiebh, National Cancer Inst, Bethesda, MD Tumor 
■jz-vology-Ctr, -Fre.'Durg, Germany, and Univ of Freiburo, Fraibura, Germ>sny 
j1/-all>^arninoge!danamydn {17^AAG. NSC 330507) is a new antitumor aaent 
)d-entmed by tne NCI v/hich has entered phase ! ciinicai trials in the US. Antitumor 
ac.:tivi ty 0, geidanamycins has been described to result from decradation of 
s)g.:naling proieins and nuclear hormone receptors by. bindino their molecular 
chaperone Hsp90. In this study, two human melanoma xenoorafts the 17-AAG 
sen:3itjve MEXF 276 (\/C - 5%), the resistant MEXF 514 (T/C = 50%) and cell 
lines oerfved thereof, were chosen to elucidate 17-AAG effects on its 'potential 
targe'it Hsp90 and down-stream effector proteins in a time and concentration " 
dependent manner, i umor tissues were collected after 48h, 72h; and lOd unde'- 
17-AaAQ treatment (atMiD = 80mg/kg/d. for2xOdx5). Cell lines were exDcsed 
dnug concentrations which cause total growth inhibition (TGI = 375nM in MEXF 
IO/lM in MEXF 51 4L cells). -By using Immunohistochemistry and Western 
.,,.-)iot analysis we lound Hsp90 abundantly expressed in 17-AAG resoonsive M^XF 
2/6 T.umors but at lower levels in resistant MEXF 514 and in normal tissues 
Moreover, whilst 1 7-AAG treatment did not affect Hsp90 expression in MEXF 5U 
II caused a rapid_deciineof Hsp90 in MEXF 276 cells In latter this was accom' 

HspSO^depleiion in MEXF 275L cells, down -regulation of Raf-1 and HER-2/neu 
, was observed 8h after drug addition. In MEXF .276 tissues, decrease ot Hsp90 
\v2s f^uji:7;sr associated with occunence-of auoptosis. Tne apoptotic index rose 
from 9% {48h) over 12% (72h) to 45% (lOd) under drug treatment Our data 
suggest, that the efrlcacy of 17-AaG is related to its ability to inhibit HspSO 
chaperone function. . ^ 



:r2S45 AM-) ICANCER EFFECTS OF LIPQSOME^ASSOCIATED L AND D 
■.JcREOtSOMERS OF ET-I8-OCH3. i- Ahmad, Q. R Masters, J. Nouven J J 
ichupsky, A. S Janoff, and E. Mayhew, The Liposome Company (TLCl Princeton, 

TLC EU-12 is a iipcsome based formulation of ET-I.8-OCH3 (l-O-octadecyl- 
^_(>nTethyl-sn~giycerc^3-phosphocholine), and is currently in Phase 1 clinical 
.rtais. I he L isomer or ET-I3-OCH3 is the active i.ncredisnt of ELL-12 We have 
previously show_n the therapeutic efficacy of ELL-1 2'acainst several exoerimentaf 
mouse tu.mors. ihe airn of the' present investication v7as to determine any differ- 
ence in Toxicity or_therapeutjc efficacy of ELL-12 when formulated with L or D 
stereoisomers of tj-lB-OCH.. The L isomer iioosome fcmulation of fi L-12 
signiricantly reduced toxicity compared to the D isomer liDoscme fonmuiation 
vvnen^aaminisiered once daily, i.y. 5. L and D isomer formulations of ELL-1 5 
were Tounc to be equally effective in prolonging mean su.-vival time aoainst r3SS 
munne leukemia. Kovyever, the L isomer liposome fcrmulaticn, when adminis- 
iz^reo acainsT esiaoiisneo 31 5/F1 0 lunge tumors, sionificantlv (0 < 0.05} red^jo^ 
ine mean numoer or tumor nodules when comca.red to cont.'-o! or the'o isomer 
liposome -ormulation. jnese studies indicate that ELL-12 formulated with the f 
isomer or hi-IS-OCH. is less toxic and mors effective acainst B 15/FlO tumor 
than the D isomer lioosomes. 



PHAn;v1AC0L0GY AND EXPERIMENTAL THHRA^EUTiCS 33 

#2546 THE APOPTOTIC E."ECT OF LONG-ChAI\* F^TTv AMiNE^ ^".N 
nUMAN PANCR- A 1 !C CANCER CELLS ;S MEDiATED -Y Si-N Ai ING ~~ 
V/AYS INCLUDING MARK FAMILY AND CASPASES. \^^y^ 
i. ooara, i. :zawa N. Yanacawa^ S. Tannc. Y. Fuiimoto, anc Y. KohcG"i^- 
niKBv^a Med Coll, Hokkaido, Jaoan ' ' ^ ' ~' 

rarnesyi Transferase inhibitor (FT i) is usuaiiv ineffective n Ki-ras transformed 
ceiis. However, we have shovv'n that famesyiamlne {FA^. one of FTi couid indue- 
aooptcsis in Ki-ras Xrar^s^or-ed fibroblasts and human pancreatic cance<- 0==! 
iines (Moi Carcinogenesis, isss). Therefore, we speculated that FA may have i 
anoTner apoptotic mechanism in addition to the inhibition of farnesviation Con- 
sioenno tne chemical formula of FA. the 'long-chain fatty amine (LFA)" structure 
may nave a critical rote for this mechanism, in this exoeriment we used olev- 
lamine (OA) as LrA and examined the signaling pathways to induce apoptosis in 
Ki-ras TransTormec (ibrobiasts and human oancreatic cancer cell lines In both 
cells, apoptosis was nduced by OA and JNK activity was increased as we!! as bv 
FA, but not In parent fibroblast (N1H3T3). Although the OA-induced aoootcsis was 
caspase-oepenoent, caspase inhibitors did not affect JNK activation. The block- • 
age of JNK activixy by Dominant neoative mutant significantly abrocated the 
cytotoxic effect of OA and DNA ladderina, OA did not act as FTI, but decreased 
the upregulated ERK activity. In contrast to indisoensable effect of JNK in OA-' 
induced apoptosis. attenuated ERK activity/ alone was not sufficient, but mioht be 
required, because MEK inhibitor PD98059 alone did not induce apoptosis. The 
kinase activity of Akt, which transduce p21 ras mediated survival signaling, 
resulted in no marked change. Multiple signaling pathways including JNK, ERK,' 
and their downstream caspases mediate the apoptosis and mioht be shared, at 
least in part, in FA-induced selective cytotoxicity' on Ki-ras, mutant cells. 

#2847 PHARMACOLOGICAL INDUCTION OF PHOSPHATIDYLINOSITOL 
ACCUMUU^TlbN IS ASSOCIATED WITH CYTOLYSIS OF NEOPLASTIC- 
ClLLS. Robert E Finney, E Nudelman, S A Shaffer, T White, S Bursten, L L Lee.--. 
N Wang. D Waggoner, J W Singer, and R A Lewis. Ceil Tnersoeutics inc Seattle 
WA ■ . • ■ ' 

De novo phospholipid biosynthesis is required for growth of tumor cells. Here,- 
we demonstrate that phospholipid biosynthesis through phcsphaiidic acid (PA) in 
neoplastic cells can* be exploited for development of -cytotoxic anti-cancer 
agents. PA is a key intermediate for biosynthesis of phosohatidylchoiine (PC), 
phosphatidylethandlamine (PE), and phosphatidylserine (PS) throuoh a diacyi- 
glycerol (DAG) intermediate and for biosynthesis of the anionic ohcsoho lipids, 
cardiolipin (CL) and phosphatidyliriositol (PI), through a cytidinediphosphate-'DAG 
\ intermediate, in addition to de novo PA production from lysophosphatidic acid 
\ (LPA). production of PA by phospholipase D has been cited among the effects of 
\ certain oncogenes (e.g. .ras; fos, and src) and growth factors (e.g. PDGF, EGF, 
\ FGF, insulin), CT-2584, a cancer chemoiherapeutic drug candidate currently in 
\ Phase 11 ciinicai trials, decreased utilization of PA for PC biosynthesis and in- 
creased PA utilization for PI biosynthesis. A two to three-fold increase in Pi was 
bbserved in tumor cell lines derived from breast, lung and prostate, was associ- 
kted with cytotoxic concentrations of CT-25S4, and occurred well prior ^to cytol- 
ysis of the tumor cell lines. In contrast, cytotoxic concentrkions of cisplatin did 
jiot induce accumulation of PI, indicating that PI elevation by CT-2584 was not a 
■'ieneral consequence of chemotherapy-induced ceil death. Consistent with this 
fnechanism of action, propranolol, an Inhibitor of phosphatidic acid phosphohy- 
"lase and PC biosynthesis, was also cytotoxic to tumor cell lines, induced PI 
and was synergistic with CT-2584 in c\/totoxicity assays. As ex- 
pected from the biophysical properties of anionic phospholipids on cellular mem- 
branes, CT-2584 cytotoxicity was associated with disruption and' swelling of 
endoplasmic reticulum and mitochondria. We conclude that CT-25o4 effects a 
novel mechanism of action involving modulation of phospholipid metabolism in 



=2848 iHE EFFECTS OF LYSOPHOSPHATIDYLCHOLINE ON TNF-a 
PRODUCTION INDUCED BY UPOSOMAL Ef-18-OCH3. Marina Y Pushkareva, 
Andrew S Janoff, ^and Eric Mayhsw, The iioosome Co , inc, Princeton, NJ 
J he incorporation of 1-o-octadecyl-2-o-methvl-sn-glvcero-3-Dhosphocholine 
(^i-18-OCH3) into optimized lioosomes (ELL-12) ove.=-ccmes the non-soecific 
hemolytic^ effects of ET-1S-OCH3 while maintaining or enhancing anti-cancer 
eiTicacy. tLL-l 2 is currently in Phase I clinical trial. We showed, previously that in 
vitro ELL-12 induced gromh inhibition is associated with a time- and dose- 
dependent production of tumor necrosis alpha (TNF-o:). As lysoDhcsphatidylcho- 
Hne (lysoPC) has been shown to h^odulate the Growth Inhibltinq effects of ELL-12, 
It was of interest to determine the effects of ivsoPC on ELL-1 2-induced TNF-a: 
production by U-G37 cells. We treated U-937 cells with-different concentrations of 
izLL-12 and lysoPC for various times. Maxim.um of tNF-a- production (0.78d:0:l7 
nc per 1 0^ cells) was observed after 45 hours of incubation of U-937 cells with 3-4 
M-M ELL-12. LysoPC prevented induction of TNF-a production in dose-depende.nt 
manner. For example, 20 of lysoPC comoietely crevenied TNF-a production 
at 48 hours, whereas 2 .^iM lysoPC produced 50 % inhibition. The 



_ ... m. J ne STTscTs on 

} NF-ff production were not. directiv coupled to the effects of iysoPC on reduction 
of cLL^1 2-induced grov/th inhibition, sincB 2 ^ ivsoPC did not sionificantiv 
affect rLL-1 2-induced grov^/th inhibition. ET-1S-GCH5 and lysoPC share struc- 
tural si.Tiilarrty and have common ceiluiar targets including inhtbiiion of de novo 
phosphatidylcholine synthesis. The possible mechanism of inhibition of ELL-12- 
induced i NF-a: production by IvsoPC will be discussed. 
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Nores on 17-AAG clinicai trials from ASCO-meering, Maj- 2001. Franci 

JL-. r ritz 

I. Banerji et al (Workman group, UK). (Absiraci 326) 



>=oIied 21 pa-ITimsT;^ melanoma (most of any nTe).(2patients showed stable disease 
^ (both melanoma, at^Omg/). Drug comes as 25 mgA^^rSHSOT 



HTmeasurements; HSP70 increased 

Raf decreased 

. In one melanoma patient, CDK4 went do^^'n and HSP70 went 
(no Raf in that tumor) 



up 



PK: at320mg/m-: Cmax = 5-10uM 

Has good xenograft data. 

No myelotoxicity even at peak doses. 



■ 2: Wilson et al (NIH arm of the study) (Abstract 325) 

Richard Wilson presented tlie poster, but has returned tc Noithem Ireland Jean Gren 
now heads the NIH arm of the clinical trial. 

Patients entered; 

Colorectal 6 

Pancreatic 5 

Renal 2 

Various 1 each 



Total 



18 patients 



Wilson says LenNeckers was wrong- no hing cancer response was seen H f..^ o n 
lung cancer patient has been entered at NIH. . " ""^^^ 

They have seen two patients with stable disease: 1 colorectal and 1 renal But Wilson 
says you see these types of patients stabilize spontaneously. ' ' ^ 

PD measurem.ents; 

Had good degradation df Lck and Raf-1 In PBL's (bv dav 9) also HS^^TO «ii ^ 
\\'estern (done by NeckW ^ ■ ^ ' ~ 

Regarding who at CTEP is in charge of the 17-AAG project: 




Louise Grachow .Runs Investigative Drug Branch in CTE? 

Susan Arbuck R.^ Developn^enral Chen.oti.erapy Secnon (runs iu or ..o. 

Repons TO Grachow. Is directly responsible for i7-4^G. ^A^ckV^i 
person we should contact 

DaleShoemake,- He was ^eationed. bu, r„, not sure what Ms role-.s. 

Sh«xy Ansher ^ ^ <:ompa.ii.s for CTEP^ Jean Gr.m descnbed 

nei as moie iike a lavvyer"; 

3. Munsteretal(MSKCC trial data) (Abstract 327) - 
Pam said she'd send us the slides that comprised her poster 

4. Also spoke with Lhe clinicain who runs the Mavo Clinic arm of the 1 7 A A r i u 
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Advances in Brief 

17-AllyIamino-17-demethoxygeldanamycin Induces the Degradation 
of Androgen Receptor and JIER-2/neu and Inhibits the 
Growth of Prostate Cancer Xenografts'^ 



David B. Solit, Fuzhong F. Zheng, 
Maria Drobnjak, Pamela N. Miinster, 
Brian Higgins/ David Verbel, Gienn Heller, 
William long, Carlos Cordon-Cardo, 
David B. Agus,^ Howard I. Scher, and 
Neai Rosen"* 

Progrmn in Cell Biolog>- [D. B. S., R F. Z., P. M, N. R.]; and 
Depanmenrs of Medicine [D. B. S., B. H., D. B. A., H. I. S., N. R.], 
Pathology [M. D., C. C-C], a-nd Epidcmiolog}' and Biostatistics 
[D. v., G. H.], Mcmoriai Sloan-Ketrering Cancer Center, New York, 
New York 10021 

Abstract 

Purpose: Ansamycin antibiotics, including 17- 
aUylamino-17-demethoxygeldananiycin (IV-AAG), inhibit 
Hsp90 function and cause the selective degradation of sig- 
naling proteins that require this chaperone for folding- Be- 
cause mutations in the androgen receptor (AR) and activa- 
tion of H.ER2 and Akt may account, in part, for prostate 
cancer progression after castration or treatment with anti- 
aiidrogens, we sought to determine whether an inhibitor of 
Hsp90 function could degrade these Hsp90 client proteins 
and inhibit the grovsth of prostate cancer xenografts with an 
acceptable therapeutic index. 

Experimenial Design: The effect of 17-AAG on the ex- ^ 
pression of Hsp90 regulated signaling proteins in prostate 
cancer cells and xenografts was determined. The pharma- 
codynamics of target protein degradation was associated 
vtith the toxicology and antitumor activity of the drug. 

Residis: 17-AAG caused the degradation of HER2, Akt, 
and both mutant and wild-t}'pe AR and the retinoblasto ma- 
dependent growth arrest of prostate cancer ceus. At 
nontoxic doses, 17-AAG caused a dose-dependent decline in 
AR, HER2, and Akt expression in prostate cancer xe- 
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nogr.afts. This decline was rapid, with a 97% loss of HER2 
and an 8.0% loss of AR expression at 4 h. 17-AAG treatment 
at doses sufficient to induce .AR, HER2, and Akt degrada- 
tion resulted in the dose-dependent inhibition of androgen- 
dependent and -independent prostate cancer xenograft 
growth without toxicity. 

Conclusions: These data demonstrate that, at a tolera- 
ble dose, inhibition of Hsp90 function by 17-.AAG results in 
a marked reduction in HER2, AR, and Akt expression and 
inhibition of -prostate tumor growth in mice: These results 
suggest that this drug may represent a new strategy for the 
treatment of prostate cancer. . ' - 

Introduction 

Prostate cancer can be eradicated when localized, but sys- 
temic disease remains incurable. Androgen ablation is the stand- 
ard treatment for advanced disease , but despite dramatic clinical 
responses, virtually all of the patients relapse (1). The mecha- 
nisms responsible for disease progression after castration or 
treatment with an ti androgens are complex and not fully under- 
stood. The AR^ is expressed at nonnal or amplified levels in 
most patients with androgen-in dependent disease, and several 
gain of function mutations have been characterized (2-4). These, 
include mutations within the ligand-binding domain that alter 
iigand-binding specificity and have been associated with clinical 
progression after antiandrogen therapy (4). 

In a majority of cases, changes in tlie AR gene have not been 
identified suggesting that other mechanisms must be involved 
Recent studies show that activation of receptor tyrosine kinase 
sigimling pathways leads to phosphorylation of steroid receptoi-s 
and their activation in a ligand-independent maraier (5-8). In one 
experimental system, selection for prostate tumor cells that giw at 
low levels of androgen was associated witli overexpression of tlie 
HER2 receptor tyrosine kinase. (9). Thus, prostate cancer rumor 
grov^^h after castration or treamient with hormone receptor antag- 
onists may be mediated by /\R mutation or its ligand-independent 
activation by upstream tyrosine kinase pathways. 

Ansamycin andbiotics, exemplified by GM, are natural 
products tliat bind to a consented pocket in the Hsp90 family of 
chaperone proteins (10-12). Hsp90 is not required for general 
cotranslational protein folding but does play a role in the re- 
folding of proteins in cells exposed to stress (13, 14). It is also 
required for the conformational maturation of Raf and steioio 
receptors (15, 16). High concentrations of ansamycins prevent 



' The abbreviaiions used are: .«R, androgen rcceptoi- GM, geldanamy- 
cin; i7-A.A.G, 17-al]y!amino-17-dcmethoxygeidananiycin: RB, retino- 
blastoma; ?I3k, phosphatidyiinositol 3-kinase: jvI.APrC mitogen-ac^i- 
vated proicin kinase; E?L, egg-phospholipid; PSA, prostate specmc 
antigen. 
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the binding of Hsp90 to its target proteins, which then cannot 
achieve their mature conformation (17). In addition, binding of 
ansamycins to the Hsp90-nnfolded protein complex stabilizes 
the complex by preventing the ATP-dependent release of the 
chaperones (IS, 19). The unfolded proteins in the complex are 
then ubiquinated and targeted for degradation in the oroteasome 
"(20, 21). 

Occupancy of the Hsp90 pocket by GM causes the degra- 
dation of several signaling proteins important in mediating 
prostate cancer growth. These include AR and members of the 
HER family of receptor t>TOsine kinases (15, 18, 20-22). Here 
we show that treatment of prostate cancer cell lines with the GM 
derivative 17-AaG (Fig. 1), results in the degradation of HER2, 
and both wild-type and mutant AR, . growth arrest, and an 
,RB-dependent G] block. Furthermore, at nontoxic doses, 17- 
AAG induces the degradation of AR and HER family tyrosine 
kinases in prostate tumors, and inhibits tlieir growth. These data 
suggest that I7-AAG is effective m inhibiting pathways re- 
quired for the growth of advanced prostate cancer. Moreover, 
ansamycins can inhibit Hsp90 function in mice without toxicity 
and, dius, may represent a new strateg}' for the treatment of this 
disease. 

Materials and Methods 

Materials, H-AAG (NSC 330507) was obtained from 
the Drug Synthesis and Chemistiy Branch, Developmental 
Therapeutics Program, National Cancer Institute (Bethesda, 
MD). Drug was dissolved in DMSO to yield 10 \m and 50 
mg/ml stock solutions, and stored at -20°C. The following 
antibodies were used; Akt (Cell SignaHng, Beverly, MA; 1 :500), 
A..R (PharMingen, San Diego, CA; 1:250 for immunoblot and 
1 ; 1 00 for immimofluorescence), ElER2 (Santa Cruz Biotechnol- 
ogy, Santa Cniz, CA: C-18, 1:1000), HEM (Santa Cruz Bio- 
technology; C-17, 1:1000), Hsp70 (StressGene, Victoria, British 
Cotobia, Canada; 1:1000), Hsp90 (StressGene; . 1; 1000), 
MAPK (Cell Si.gnaling; 1:1000), p85 subunit of PT3k (Upstate 
Biotecbnolog}^ Lake Placid, NY; 1:2000), and RB (Phar- 
Mingen; 1:1000). 

Cell Culture. The' human prostate cancer cell lines 
LNCaP, DU-145; and PC-3 were obtained from the American 
Type Culture Co.1 lection (Rockville, 2vfD) and maintained in 
RPMI 1640 supplemented with '5-10% heat-inactivaied fetal 
bovine serum, 2 iiim glutamdnc, and 50 units/ml of D£nicilii"n and 
streptomycin in a humidified 5% C02/air amiosphere at 37°C. 



LAPC-4 was generously provided by Chanes Szwyzxs (UCLA^ 
Los Angeies, CA) and maintained in Iscove's modified Dulbec- 
co's medium supplemented witli 10^^ fetai bovhie seium and 1 0 
nM RiSSl. 

. For the AJamar Blue proliferation assay, 2-4 X 10*" ceils 
were plated in 96-vvell plates. Later (43 h), cells were treated 
with 17-AAG for 96 h or 0.01% DMSO as coDtrol. On dsy 4, 
Aiamar Blue viability assay (AccuMed, Westlake, Oli) was 
performed as described elsewhere (23). IC50 and IC90S were 
calculated as the doses of 17-.AA.G required to inhibit cell 
growth by 50 and 90%, respectively. Cell cycle distribution Avas. 
assayed as described previously by Nusse et al (24) with a 
Becton Dickinson fluorescence- activated cell sorter and ana- 
lyzed by the Cell Cycle Multicycle system (Phoenix Flow 
System, San Diego, CA). 

linmuno blotting. . For immunoblotting, cells in culture 
were harvested in medium, washed twice in PBS, and then 
dissolved in SDS lysis buffer -[50 niM Tris-HCl (pPI 7.4) and 2% 
SDS], boiled for 1 0 min, and sonicated briefly. Cell ly sates were 
cleared by centrifagation at .14,000 X o- for 10 min, and super- 
natants were collected as tlie experimental samples. Lysates 
were added to sample buffer [0.3 125 m Tris-HCl (pH 6.8), 1 0% 
SDS, 50% glycerol, and 77.5 mg/ml DTT], and equal aixtounts 
of protein were resolved by SDS-PAGE and transferred to 
nitrocellulose membranes. Blots were blocked in 5% nonfat 
milk in Tris-buffered saline [0.1% Tween 20, 10 niM Tris (xiB. 
7.4), and 150 mM NaCl] and subsequently probed with the 
antibody of interest After incubation with horseradish peroxi- 
dase-conjtigated secondary antibodies, proteins were visualized 
by chemiltmiinescence (Amersham Coip., Piscataway, NJ). To 
prepare lysate from xenograft tumors, tumor tissue was homog- 
enized in 2%> SDS lysis buffer for 30 s then processed as above. 

Immunofluorescence. For immunofluorescence, 5 X 
10^ cells were plated onto fibronectin-coated chamber slides 
(Fisher Scientific). Cells were then incubated with 17-AAG, 500 
nM, or 0.01% DMSO (control). At the indicated time points, 
slides were washed twice with ice-cold PBS,, and fixed Vv^ith 
methanol and acetone solution (1:1) for 5 min. Fixed monolay- 
ers were rehydrated with water and then blocked with 3% BSA 
in PBS solution. A.fE:er nonspecific blocking, cells were incu- 
bated with anti-AR monoclonal antibody in \% BSA in PBS at 
room temperature then washed three times with PBS. Monolay- 
ers were then incubated with an Aiexa-488 conjugated second- 
ary antibody for 1 h at room temperature. Nuclei w^ere stained 
with 0.5 |jLg/ml bis-benzimide (Hoechst 33342). 

Animal Studies: Four- to six- week old nii/nu athraic 
male and female mice were obtained from the National Cancer 
Institute-Frederick Cancer Center (Frederick, MD) and main- 
tained in ventilated caging. Experiments w^ere carried out under 
an Institutional Animal Care and Use Committee-approved pro- 
tocol, and instimrional guidelines for the proper and humane use 
of animals in research were followed. Before adrainisrration. 
i7-AAG w'as dissolved, in an EPL vehicle developed for this 
purpose by the National Cancer Instimre. To aid in the identi- 
fication of an optimal dose and schedule, nontumor bearing 
mice were treated by i.p. irijection vvith 25-200 mg/kg of 17- 
AAG 5 daysAveek for 3 weeks or by the EPL vehicle alone. 
Senni samples were taken from each group, and equal volunies 
were pooled on days 5, 10, and 15 of treamient for seriim 
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Fig. 2 17-AAG trcamienc of 
prcsraie cancer cclj lines causes 
an RB -dependent cci! cycle ar- 
rest. LAPC-4 (wiid-r3'-pc KB), 
LNCaP (wild-type RB), and 
DU-145 (mutant RB) cell lines 
were treated with 0 (0.01% 
DMSO), J GO, or 250 nM 17- 
AAG for 48 h. Cell cycle dis- 
tribution was assessed Idy fluo- 
rescence-activated cell sorter 
analysis. LAPC-4 and LNCaP 
cells arrested in G,. By immu- 
nofluorescsnt staining, DU-145 
cells arrested in mitosis (DNS). 



chemistry and liver function analysis. At sacrifice, plasma sam- 
ples were colie-cted for complete blood count. A gi'oss necropsy 
was performed on all of the mice, and a complete necropsy, 
including histopathology, was performed on i animal/group. 

Male animals were inoculated s.c. with minced tumor tissue 
from donor mice bearing the androgen-dependent CWR22 xe- 
nograft line. Females were inoculated in flie same way with the 
androgen-independent xenografts CW3^2R and CWRSA6. These 
variants were derived from tumors tlmt regrew after castration- 
induced regression of CWI122 tumors (25). Tumor cells were 
injected together with reconstituted basement membrane (Matrigei; 
Collaborative Research, Bedford, MA). To maintain stable serum 
testosterone levels, i2.5-mg 90-day sustained release testosterone 
pellets (Innovative Research of America, Sarasota, FL) were placed 
s.c. before inoculation with androgen-dependent tumor. Tumor 
dimensions were measured t^^dce a week with vernier calipers, and 
tumor volumes were calculated wdth the formula: X larger 
diameter X (smaller diameter)". Mice with established tumors 4-5 
mm in dian:ieter were selected for study {n = 5-8 per treatment 
group). All of the mice received Augmentin (AmoxicilliWClaTO- 
lanate potassium; SmithKline Beecham) in their drinldng water 
while on therapy. Mice were sacrificed by CO2 euthanasia. 

Both continuous and intermittenr dosing schedules were 
studied. The "continuous" dosing schedule involved exposure to 
dmg 5 days.^week for 3 consecutive weeks. In the "intermittent" 
schedule, mice were treated with one 5-day cycle and tiien 
monitored for tumor progression. At progression, mice were ^ 
n-eated with a second 5-day cycle of dmg. In experiraems with 
the androgen-dependent CWR22 tumor, serum PSA levels were 
measured with the PSA A.ssay kit (American Qualex Aniibod- 
ies, San Clemente, CA). 

In ex.perinients designed to define the ■"harmacodvnamic 
effects of 17-AAG on AR and HER-kinase expression, mice 



with established tumors were treated with 17-AAG at the doses 
specified or with EPL alone. At the time of sacrifice, serum was 
collected, and tumors were flash frozen or fixed in 10% buffered' 
formalin. Immunohistochemistry for AR (clone F39.4.1: 2 jixg/ 
mi; BioGenex, San Ramon, CA) and HER2 (HercepTest; 
DAKO Corp., Carpinteria, CA) were performed as described 
previously (25, 26). Serum concentrations of 17-AAG and 17- 
amino-17-demethoxygeldanamycin were detennined by high- 
perfo nuance liquid chromatography based on the method of 
Egorin et al. (27). 

Statistical Analysis. A permutation test was used to 
compare the average tumor volume over time between gi'oups, 
using 5000 resamples. The null hypothesis of this test is that 
there is no difference in the change in tumor volumes oveir time 
between treatment groups. The statistic used to test this hypoth- 
esis was the sum of the squared differences between mean tumor 
volume simmied over all time points, w-hich in effect, compares 
the trajectories of the average tumor volume between treatment 
gi'oups. It is denned as follows: 

k 

where there are ^Ttime points and X: nrxdy- are the average tumor 
volumes at time i in each treatment group. The Wilcoxon 
sum-rank test w^as used to compare treatment and control group 
serum. PSA values. 

Results 

17-AAG Inhibited Prostate Cancer Cell Proliferation 
by Causins an KS-deoendent G7 Grov-'th Arrest. 17-A AG 
is a less toxic derivative of GM now in clinical trial. We found that 
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F/g. 3 Effect of 17-AAG on signaling proteins in LNCa? and L.APC-4 
prostate cancer cells. Cells were treated for 24 h with I7-AAG at the 
indicated doses or DMSd (0.01%) as contTol, By immiinobtot 17-AAG 
caused a dosc-dcpendcnt decline in AR; HER2, HER3, and Akt cxprcs-. 
sion and hypophosphory]ation of RB. Levels of Hsp70 and Hsp90 were 
increased. No change in p85 PI3k or MAPK expression was noted. 



1 7-.AlAG inhibited the anchorage-dependent growth of four repre- 
sentative prostate cancer cell lines. After 96 h of exposure, IC50S 
ranged from 25-45 nM (LNCaP, 25 nM; LAPC-4, 40 nM; DU-145, 
45 nivt; and PC-3, 25 hm). A.t doses that caused compjete gi-owth 
aiTCSt (75-J25 nM for LNCaP and LAPC-4; and 1,50-200 nM for 
DU-145), prostate cell hnes with intact RB (LNCaP, LAPC-4, and 
PCo) arrested in Gj after 17~AAG treatment, whereas DU-145, an 
an drogen-in dependent cell line with mutated RB, arrested in mito- 
sis (Fig. 2; data not shown). Growth arrest was accompanied by 
hypophosphorylation of RB (Fig. 3). These data are consistent with 
previous results in whicli we showed that the ansamycin Herbimy- 
cin A caused an RB-dependent Gj block witli RB-negative cells 
undergoing arrest in prometaphase (28, 29). 

17-AAG Caused the Down-Regulation of HER^, HER3, 
and AR. Modulation of Hsp90 fimction by ansaraycins causes 
the proteasomal degradation of a subset of cellular proteins. 
Most proteins and mRNAs are unchanged, as detemiined by 
evaluating multiple specific control proteins (PI3k and MAPK 
in Fig. 3 and DNS), the lack of change in the patterns of total 
cellular protein expression (DNS), and microarray analysis (30). 
HER2 is expressed at significant levels in both LAPC-4 and 
' LNCaP, and is one of the most sensitive and rapidly degraded 
targets of 17-AAG (Fig. 3). HER3 and Akt levels also declined 
after 17-AAG treatment. i7-AAG increased the expression of 
the heat shock proteins Hsp90 and Hsp70. 

Both wild-type AR (LAPC-4) and the ThrS77A]a AR mutant 
four.d in LNCaP are sensitive to the drag as determined by immu- 
noblot (Figs. 3 and 4). Exposure to 500 nM (24 h) of drug resulted 
in & 91% redijctior. in wild-type AR and a 92% rsdnction in the 
Thr877Ala .AR mutant expressed by LNCaP cells, h LNCaP cells 
grov.n in seram-supplemented medium, most AR resides in the 
nucleus. Six and 12 h after 17-AA.G treatment nuclear AR staining 
was lost, and only faint cytoplasmic staining could be identified 
(Fig. 4). By 24 h, .AR staining was again apparent mfn 52% of ceils 
demonstrating detectable levels of nuclear AR by immunofluores- 
cence. The iniensiri-' of nuclear AR staining within this population 



was heterogeneous witii only 10% of cell demonstrating nuclear 
AR staining equivalent to control levels (Fig. 4). 

T oxi c ol 0 g Y S cu G i es . The d e gradati on 0 f mutant AR an d 
KER2 by 17~AAG suggests :hai this agent may be useful in the 
treatment of advanced prostate cancers. We sought to determine 
whether inhibition of these pathways could be accompUshed in 
vivo with nontoxic doses of 17-AAG. The GM-Hsp90 dom.ain 
has been smdied in various species (yeast, bacteria, Drosophila^ 
mouse, and human) and is highly conser\'ed across species (11). 
Specifically, human and murine Ksp 90a have >99% homol- 
ogy. Therefore, we evaluated the toxicity profile and pharma- 
cology of 17-AAG in tumor and nontumor bearing mi/nu athy- 
mic mice. 1 7- AAG is metabolized by hepatic microsomes into 
at least five metabolites (27). The major metabolite, 17-AG, is 
active and is equally potent in degrading HER2 and AR in 
LNCaP and LAPC-4 cell lines.^ We measured 17-AAG and 
- i 7-AG plasma concentrations after i.p. administration of one 50 
ma-lcg dose. 17-AAG was rapidly absorbed, and peak levels of 
>10 jjLM were achieved within 30 min, Semm levels of 17-AG 
>1 fjLM were also detectable by high-performance liquid chro- 
matography. Both 17-AAG and 17-AG were then rapidly 
. cleared with no detectable plasma levels 8 h after injection. 

We found that the maximally tolerated dose of 1 7-AAG was 
schedule dependent and higher in control mice than in tumor- 
bearing mice. In nontumor bearing mice, treatment with three 
consecutive 5-day cycles of 75 mg^^g or more caused toxicity as 
evidenced by weight loss, elevated hver transaminase levels, ane- 
mia, and death (1 of 4 mice at the 75 mg/lcg dose level, 3 of 4 mice 
at 125 mg/Tcg, and 4 of 4 mice. at 200 rag/kg). Necropsy of niice 
after treatment with 17-AAG or the vehicle alone revealed perito- 
nitis, possibly related to tlie i.p. route of administration, but no other 
gross or histological abnomiahties. With less frequent dosing, up to 
150 mg./kg/day of drag could be safely administered without evi- 
dence of toxicity (weight loss or death). 

17-AAG Caused a Reduction in AR, HER2, and HER3 
Expression in Prostate Cancer Xenograft Tumors. To de- 
teraiine w^hether nontoxic doses of 17-AAG could induce down- 
regulation of AR and HER kinases in vivo, we studied the 
effects of 17-AAG on the expression of tliese cellular proteins in 
the CWR22 xenograft model. In CWR22, the AR contains a 
mutation (histi din e-> tyro sine at residue 874) located -within the 
ligand -bin ding pocket (31). Despite this mutation, androgens are 
still required for the growth of tliis tumor. Castration of CWR22 
tumor-bearing mice causes tumor regression followed 80-200 
days later by a resumption of tumor growth (25).' Several of 
these variants have been serially passaged, and two (CWR22R 
and CWRSA6) were selected for additionahuse. 

. We treated mice bearing CWR22 or CWRSA-6 (androgen- 
in dependent) tumors with 25 or 50 mg/kg 17-AAG or EPL 
diluent for 4 days. After the final dose (8 h), the mice were 
sacrificed and the tumors removed. Four days of 17-AAG treat- 
ment resulted in a dose-dependent reduction in the expression of 
AR, HE.R2,. HER3, and Akt (Fig. SA; CWR22 DNS)' A dose of 
50 mg/kg resulted in an. 8 7% decline in AR, a 85% decline in . 
HER2, a 50% decline in HER3, and a 60% decline in Akt 
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staining of LNCaP cells for AR 
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expression m CWRSA6 tumors. Treatment was also associated 
with an 8-fold increase in Hsp70 and a 1.5-fo]d increase in 
Hsp90 levels. No change in the expression of PI3k was noted. 

To characterize the kinetics of this effect, mice with well- 
established CWRSA6 tmnors of comparable size were treated 
with a single dose of 17-AAG 50 mg/kg and sacrificed pretreat- 
ment a:id from 2 to 48 h afterward. A rapid, >50% decline in 
KR^ HER2. and HERS expression in the tumors was noted by 
2 h (Fig. 55).. The maximal declines in AR and HER2 were 
noted at 4 h: a 97% reduction in HER2 and an 80% reduction in 
A.R. By 24 h, AR expression returned to near baseline levels, 
whereas a rise in HER2 expression was not noted until 48 h after 
drug administration. The kinetics of HER2 recovery was similar 
in mice treated witli 3 or 5 consecutive days of i7-AAG with its 
expression returning to near control levels 48 h after the fmal 
dose of therapy (DNS). With a single dose of therapy, the effect 
of 17-AAG on Akt expression was more delayed and less 
pronounced (maximum decline of 35% at 8 h)-than that seen 
with AR, HER2/and HERB (DNS). 

In untreated CWRSA6 tumors, AR staining was compartmen- 
talized in the nucleus (Fig. 5C). The frequency and intensity of this 
staining was diminished 4 and 8 h after j7-AAG administration. A 
steep decline in the mitotic index and a loss in membranous HER2 
staining were also apparent at these time points. These data dem- 
onstrate that at nontoxic doses, 17-AAG induces the degradation of 
AR, KER2, HERS, and Akt in prostate ramors. 

17-AAG Inhibited the Growth of Androgen-dependent 
and Androgen-independent Prostate Cancers. We studied 
the effects of two different dosing schedules of 17-AAG on the 
growth of CWR22, CWRSA6, and. CWR22R tumors. The in- 
termittent schedule consisted of a 5-day treaiment cycle fol- 
lowed by a second, cycle when defmitive evidence of tumor 
regrowth occurred. The continuous schedule was comprised of 
three consecutive weekly 5-day cycles. Both regimens caused a 
dose-dependent delay in xenojiraft riinor sn'owth in all "rhree 
models (Table 1; Fig. 6). For example, with the continuous 



schedule, 50 mg/kg 17-AAG caused 80%) growth inhibition of 
CWRSA6 tumor growth when assessed on the day the controls 
required sacrifice [Table 1; Fig. 6A, mean tumor volume (treat- 
ment group) versus mean tumor volume (control) on day 29; 
P < 0.01]. With the intermittent schedule, 17-AAG caused'87%) 
growth inhibition of CWRSA6 tumor growth (Table I; Fig. 6B\ 
P < 0.01). Similar results were noted with the parental CWR22 
raodeJ and with a second androgen-independent subline 
CWR22R.' Furthermore, in mice bearing CWR22 tumors, 17- 
AAG treatment (50 rag/kg dose level) was associated in an 
--60% reduction in serum PSA (Day 25 semm PSA; intermit- 
tent schedule: 61% reduction versus control, P < 0.01; contin- 
uous schedule: 62% reduction, P < 0.0 i). These data demon- 
.strate that at tolerable doses, 17-AAG inhibits the growth of 
prostate cancer cells in vivo. Additionally, growth inhibition 
correlates with a reduction in HER2, HER3, Akt, and the mu- 
tated AR (His874Tyr) expressed in the tumor. 

Discussion 

In this report, we examined the effects of 17-A.A.G on 
prostate cancer growth using a panel of prostate cell lines and 
the CWR22 xenograft model 1 7- A AG is a less-toxic derivative 
of the arisamycin GM and is now in clinical trial. We found that 
17-AAG causes the selective degradation of a subset of proteins. 
many of them involved in mitogenic signaling. These included ' 
both wild-type (LAPC-4) and mutant (LNCaP, CWR22) ARs, 
and the HER2 and HERS receptor tyrosine kinases. The expres- 
sion of Akt. which is downstream of I-IER2 and which may 
modulate AR signaling in tumors with HER2 overexpression, is 
also dowT' -regulated by the drxig (8). Most cellular proteins 
including MAPK and PIS k were unaffected. 

We have shown previously thai exposure of cancer cells to 
the ansamycins GM and herbimycin A leads to a loss of cyclin 
D- associated kinase activit)'' and an RE-deoendenx G-, growth 
airest (28). Cells lacking RB-fimction progress through G, 
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Fig. 5 A, changes in target protein expression of CWRSA6 xenograft tumors from mice treated with 17-AAG at doses of 25 nig/kg and 50 mg/kg 
daily for A days. Control mice received vehicle only. Mice were sacrificed 8 h after tiic final treatment on day 4. Immunoblot demonstrates a 
dose-dcpendcnr decline in AR, HER2, HER3, and Akt expression. Levels of Hsp70 and Hsp90 were increased. No change in the control protein p85 
PI3k was noted. This experiment was repeated with a second set of animals with equivalent results. B, mice with established CWRSA6 xenograft 
tumors treated with one dose of 17-AAG 50 mg/kg. Pretrcatmcnt and at tlie time points specified, mice were sacrificed and tumors removed. By 
immunoblot, a rapid decline in HER2, HER3, and AR expression is evident within 2 h of trcamient No change in p85 Pi 3k expression occurred. This 
experiment was repeated with a second set of animals with equivalent results. C, immunohistochemistiy of CWRSA6 xenograft tumors demonstrating 
a loss of nucicai- AR staining, a loss in membranous HER2 staining, and a reduction in the mitotic index 4 h after treatment with one dose of 17-AAG 
50 mg/kg. Similar findings were also noted 8 h after treatment. 



Table J Effect of continuous and intermittent dosing schedules of 
I7:AAG on the growth of CWR22, CWR22R and^CWRSA6 
xenografts. 



Tumor 


Dose 
(mg/kg) 


Dosing regimen 


Percent (%) 
Inhibition (day) 


P 


CWR22 


25 


Continuous 


42 (24) 


<0.01 




50 


Continuous 


67 (24) 


<0.01 




50 


. Intermittent 


51 (25) 


O.Oi 


CV\Tl.SA6 


25 


Continuous 


56 (29) 


0.07 




50 


Continuous 


80 (29) 


<0.01 




50 


Intermittent 


87 (30) 


<0.0j 


CWR22R 


25 


Continuous 


49 (21) 


0.01 




50 


Continuous 


68(21) 


0.02 




50 


Intcrmitteni 


67 (22) 


<0.01 



normally in the presence of drug and arrest in prometaphase 
before undergoing apoptosis. D-cyclins are not direct targets of 
ansamycins, but their expression is controlled at the post- tran- 
scriptional level by a PI3k/'Akt kin ase-depen dent pathway (32). 
Consistent with these findings, LNCaP and LAPC-4 (wild-type 
R3) ceils arrested in G,, whereas DU-145, a cell line with 
mutant RB. arrested in mitosis.- 

We found that 17-AAG treatment reduced the expression of 
AR in prostate cancer xenografts and inhibited the growth of both 



androgen-dependent and -independent tumors. The maximum ef- 
fect of 17-AAG on AR expression in the tumors wds evident 4-8 
h after treatment with receptor levels returning to baseline by 24 h. 
The degradation of wild-type and mutaiit AR by drug suggests that 
this class of agents may be particularly effective in the treatment of 
advanced androgen-independent prostate cancer. Tlie mechanisms 
responsible for the emergence of androgen-independent disease are 
Cornell ex and not fully understood- In a su^'^s"^ poti^T^i'c^ +t-oor»H 
with AR antagonists, clinical progression is associated with AR 
gene amplification or mutation (4, 33). AR amplification may 
result in sufficient AR pathwa^^ activation to allow for tumor 
gro\\^Lh at low levels of testosterone. Mutations in AR may convert 
antagonists into agonists or lead to constitutive ligand-independent 
activation of tihe receptor. For example tlie niissense mutation 
(Thr877Ala) found in LNCaP cells has been identified in patients 
treated previously with flutamide, and this AR exliibits altered 
ligand specificity (4). Hydroxyflutamide, adrenal androgens, and 
estrogens induce its activation and promote cell growth. In some 
patients, tumor regression may occur after flutamide withdrawal (4, 
34). These data suggest that mutation or overexpression of AR may 
play a role in the progression lo an androgen-independent state. 
Although the antiproliferative effects of ansamycins may be .mul- 
tifactorial and the result of inhibition of AR-indcpendent pathways, 
the ability of ansamycins to degrade mutant as well as wild-type 



992 J 7-AAG snd Prostate Cancc; 





■^500 - 




^QOO ■ 




2500- 




3000 \ 




2500- 


Vol 


2000 


o 


1500 ■ 




1000 ^ 








500 




0 ' 




c 




1000 r 


E 


800 -J 






£ 


600 ■{ 



A 



Conlfoi J I 




El E 



~ CojiifOl 

- 1 7-AAG mij.^;g 
- 1 7-AAG 50 rngPicg 



35 





60 



Fig. 6 A and 5, response of 
CWRSA6 androgen- independent 
xcnognifts to 1 7-AAG. C and A 
response of CWR22 androgen -de- 
pendent xcnogi'afts to 1 7-AAG. 
Bars, ± SE. 



fornis of AR suggest that they may be useful in the treatment of 
such patients. 

In most patients whose tunnors relapse after hornional therapy, 
mutations or amplification of the AR gene have not been identified. 
Several recent studies suggest that modulation of AR activir/ oy 
gro^^th factor activated tyrosine kinase pathways allows for pros- 
rate cancer gi'owth at low androgen levels. The epidermal growth 
factor, insulin-like groulh facior-I, keratinocyte growth factor, and 
interieuldn 6 all induce AR phosphorylation and the expression of 
PSA, a downstream target of AR (6, 35). Several lines of evidence 
suggest tliat HER2 may be important in this process. HER2 over- 
expression and gene amplification have been identified in a subset 
of patients with prostate cancer (36, 37). HER2 overexpression is 
more common in patients treated previously with honnonal therapy 
and those with aidrogen-independent metastatic disease (37). 
CWR22 and LNCaP both express high levels of HER2, and Her- 
ceptin (Trastozumab), a humanized monoclonal antibody that binds 
to f-lER2, inhibits the growth of these xenografts' (26). A mecha- 
nism for this effect has been proposed 'by Yeh et al (7) who 
demonstrated that HER2 activates AR by inducing its phosphor- 
ylation by MARK. As 1 7-AAG targets both the AR and HER2 for 
degradation and thus inactivation, tumors that depend on tyrosine 
kinase pathway-mediated phosphorylation of AR for growth and 
survival after androgen ablation may be particularly sensitive to 
this agent. 

Akt,. which is downstream of HER2, also phosphoryiates AR 
and may modulate AR signaling in tumors with HER2 overexpres- 
sion (8). We found that 17-A.AG down-regulated the expression of 
Akt in a dose-dependent manner in the xenograft tumors, although 
this effect w^as delayed and of a lesser degree than the effect of 
i 7-AAG on AR and HER2. Ksp90 has been reported recently to 
associate with Akt and regulate its acrivity (38). Therefore, Akt 
may be a direct target of 17-A.AG. Alternatively, the reduction in 



Akt expression caused by 1 7-AAG could be secondary to down- 
regulation of other pathways by the drug. 

Tn this report, we show that 1 7-AAG, an inhibitor of 
Hsp90 function, delays the growth of prostate tumors in vivo at 
nontoxic doses. The inhibition of growth correlated with re- 
duced expression of AR and HER-family kinases in the mraor. 
The results suggest that ansamycins may represent a new strat- 
egy for the treatment of advanced prostate cancers that depend 
on AR mutations or activated tyrosine kinases for mm or pro- 
gression. Himian trials to evaluate tlie efficacy of 1 7-AAG in 
this setting are now in progress. 
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Enhancement of Paclitaxel-Mediated Cytotoxicity in 
Lung Cancer Cells by 17-Allylamino Geldanamycin: 
In Vitro and In Vivo Analysis 
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Backgroimd. It has previously been demonstrated that 
I7-allylamino geldanamycin (17-AAG) enhances pacli- 
taxei-mediated cytotoxicity and downregulates vascular 
endothelial factor expression in nori-smail cell lung ca-n- 
cer.This project was designed to evaluate the tumoricidal 
and antiangiogeneic effects of 17-AAG and paclitaxel in 
H35S non-small ceil lung cancer cells grown, as xeno- 
grafts in nude mice. 

Methods. In vitro cytotoxic drug combination effects 
v/ere evaluated by (4, 5-dimethylthia20-2-yl)-2, 5-diphe- 
nyl tetrazolium bromide-based proliferation assays. The 
' combinations of 17-AAG and paclitaxel were adminis- 
tered intraperitoneally in nude mice bearing H358 tumor 
xenografts. Tumor volumes were measured weekly. Tu- 
mor expression of erbB2, vascular endothelial cell growth 
factor, von Wiilebrand factor (tumor microvasculature), 
and activated caspase 3 (apoptosis) were determined by 
immunohistochemistry. 

Residts. Five- to 22-fold enhancement of paclitaxel 
cytotoxicity was achieved by paclitaxel + 17-AAG com- 
bination that was paralleled with marked induction of 
apoptosis.. This combination treatment profoundly sup- 



pressed tumor growth and significantly prolonged sur- 
vival of mice bearing H35S xenografts. Immunohisto- 
chemical staining of tumor tissues indicated profound 
reduction of vascular endothelial cell growth factor ex- 
pression, associated with reduction of microvasculature 
in tumors treated with 17-AAG. Apoptotic cells were 
more abundant in tumors treated with 17-AAG -i- pacli- 
taxel than in those, treated with 17-AAG or paclitaxel 
alone. 

Conclusions. Concurrent exposure of H358 cells to 
17-AAG and paclitaxel resulted in supraadditive growth 
inhibition effects in vitro and in vivo. Analysis of molec- 
ular markers of tumor tissues indicated that therapeutic 
drug levels could be achieved with this chemotherapy 
regimen leading to significant biological responses. 
Moreover,a7-AAG-mediated suppression of vasc-ular en- 
dothelial cell growth factor production by tumor cells 
may contribute to the antitumor effects of this drug 
.combination in vivo. 

(Ann Thorac Surg 2001; 72:3 71-9) 
© 2O01 by The Society of Thoracic Surgeons 



Non-small cell lung cancers (NSCLC) frequently ex- 
hibit resistance to chemotherapy and ionizing ra- 
diation. Although dose-intensive regimens may increase 
response rates, they are frequently associated with se- 
vere systemic side effects. Treatment strategies designed 
to sensitize tumor ceils to chemotherapeutic 'agents or 
radiation therapy may allow dose reduction, thereby 
diminishing systemic toxicity of cancer treatments. 

The molecular basis of chemoresistance in cancer is 
complex and appears to involve both genetic and epige- 
netic factors, including overexpression of erbBl and 
erbB2, encoding the epidermal grov/th factor receptor 
\EGFj) and the orphan receptor HER2/neu respectively. 
Inhiibition of the function or the expression of the EGFr or 
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HER2/neu sensitizes tmnor cells, including those of 
NSCLC histology, to standard cytotoxic agents such as 

cisplatiTl or n::»rlif-aY<3't fl-":!! rl,, T*r„ ^ ^ ^ j 

that sensitivit)^ to paclitaxel could be enhanced in NSCLC 
cells overexpressing erbB2 after treatment with 17- . 
ailylamino geldananaycin (17-AAG) [4]. This agent has 
been selected for cHnical development at the National 
Cancer Institute because of its activity against cell lines 
derived from a variety of human malignancies [5, 6]; 
antitumor effects of this compound relate in part to its 
abilityvto inhibit the expression of various oncoproteins 
including EGFr and HER2/neu at nanomolar to micro- 
molar concefitrations [6, 7j. 

Overexpression of.EGFr or HER2/neu oncoproteins in 
lung, esophageal, breast, and ovarian cancers correlates 
with locally advanced disease, distant metastases, and 
dinainished survival in patients with these malignancies' 
[S-10]. In vitro experimental data indicate that tumor 
cells overexpressing these oncoproteins exhibit one or 
inore phenotypes associated with local invasion or dis- 
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tzr^i me^stssjB m vivo, i.nc]uci:.g dow:nreguJ,idon of 
--cauhe,,n expression, Licreased expression of matrix 
Dietanoproteinases, and vascuJar endothelial growth fac- 
i"^'^^' "^'^^ accelerated invasion through 
. ax^aal extraceU^Jar matrix [11-13]. Conceivably, ijihi- 
bition or erbB-mediated signal transduction by monoclo- 
nal anbboQjes, which antagonize receptor ligand bind- 
ir.g, or compounds such as i7-AAG, which deplete 
erbBl/erbB2 expression, may effectively reduce the met- 
astatic potential of cancer ceUs. Exploiting the latter 
^F^'T^!'^'^^ ^""^^ ^^""^y demonstrated that treatment 
of NSCLC cells with 17-.^G at nanomolar concentra- 
tTrJ°'f profound suppression of 

V tUl- and matnx metaJloproteixiase-9 secretion, as well 
as inhibibon of ceD motiHty through the artificial extra- 
ceUular matnx membrane Matrigel (Sigma, SL Louis, 
MO) [14]. The relevance of these findings, particuJaily 
the anfaangiogenic effects of 17-AAG-mediated suppres- 
sion of VEGF production, have, not been defined. ' 
In the present study, we sought to examine the in vivo 

mI^^^ ^^'^^ ^"'^ ^^--^-^^ """"^^ besri^S 

T7 A .r? ^="°Srafts. Herein, we demonstrate that 

17-AAG -!- paclitaxel treatment mediates profound retar- 
dation of tumor growth, and significant prolongation of 
survival m tumor-bearing animals. The in vitro effects of 
17-AAG on H358 cells were closely reproduced in vivo- 
dmiinished erbB2 and VEGF expression in xenografts 
correlated with reduced' tumor capillary density in ani- 
mals receiving treatments containing 17-AAG. Apoptosis 
was most pronounced in xenografts from animals treated 
with 17-.^G + paclitaxel. Collectively these data sup- 
port further evaluation of i7-AAG in combination with 
paclitaxel m lung cancer patients. 



Material and Methods 
Cells and Reagents 

The NSCLC cell line H358 was purchased from American 
Tissue Culture CoDection (Manassas, VA). Cells were 
maintained in RPMI media supplemented with glu- 
streptomycin (100 ,xg/mL)/penidllin 
(100 U/mL), and 10% of fetal calf serum. Normal human 
bronchial epitheli " 
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- — -^"e purchased from Cionetics 

Corp (WalkersviUe, MD) and maintained in bronchial 
epitheHal ceU basal media (Clonetics Corp). The 17-AAG 
obtained from the Drug Synthesis & Chemistry Branch' 
developmental Therapeutic Program, Division of Cancer 
Treatment, National Cancer Institute, Bethesda, MD, was 
dissolved in dimethylsulfoxide (DMSO) to yield a 100 
fi-mollL stock solution and stored at -70°C. The selective 
erbB2 t)aosine kinase inhibitor AGS25 was obtained from 
Calbiochem/Oncogene Research Products (Cambridge 
Ma), dissolved in DMSO, and stored as 10 mmol/L stock 
soJution. AH experiments involving these two com- 
pounds were perfonned under subdued light conditions. 
Paclitaxel (Taxol, US?) was purchased from Bristol- 
Myers Squibb (Princeton, Nj). 4,5-Dimethvlthia2o-2-vl- 
2,0-diphenyl tetrazolium bromide was purchased from 
Sigma (St. Louis, MO). Recombinant human epidermal 



growtn factor (EGF) (R&D, Minneapolis, MN) and the 
anti-erbBl and anti-erb32 monoclonal antibodies (Cal- 
biocnem/Oncogene Research Products, Cambiid=^» M^) 
were constituted in phosphate-bu^ered saline and;'t;r;d 
, recommended by the manufacturers. Human 

VhGF enzyme-Hnked immunosorbent assay kit was ob 
tamed from R&D. A formulation of egg phospholipid 
e..,msion m dextrose solution was used to dissolve 17- 
AAG for parenteral administration. 

ImmunofluorescentStainmo and Flow Cytometric 
Analysis oferbBl and erbBl Expression 
. Surface -expression of erbBl and erbB2 on H358 or 
normal human bronchial epithelial ceUs was quantitated 
by flow cytometry, using a Beckton-Didcinson fluores- 
cence-acbvated cell sorter as described previously [14]. 

Quantitation of Vascular Endothelial Cell Growth 
Factor Production by H35S Cells 

CeUs were grown to 80% confluency in 12-weU tissue 
culture plates, washed once mth phosphate-buffered 
saline and media replenished with 1 mL of RPMI with 1% 
teta^ calf serum with or without 20 ng/mL of EGF In 

Jm^a /r'^?^^"'""'"'^ groups, appropriate aliquots 
of 17-AAG or AG825 stocks were added into the culture 
media to yield desired drug concentrations 2 hours 
before stimulating tumor ceUs with EGF. After 24 hours 
of incubation, conditioned media were harvested and 
frozen at -70°C. Cells from each well were coUected and 
cellular protein was assayed by EGA technique (Pierce 
Rockford, IL). The VEGF levels in the conditioned media 
-were measured by enzyme-linked immunosorbent assay ' 
usmg a commercially available kit and expressed as 
picograms per milliliter per 24 hours per miUigram of 
cellular protein. 

In Vitro Evaluation of Drug Cytotoxicity 
Cells were seeded in flat-bottom 96-welI microtiter plates 
(4,000 cells/well). After an overnight incubation cells 
were treated with either paclitaxel alone or 17-AAG 
paclitaxel combination. Cells were exposed to various 
concentrations (ranging from 4 to 1,000 nmol/L) of pacU- 
taxel for 90 minutes followed by 96 hours of further 
incubation in normal media or media containing 17"aAG 
(20 or 40 nmol/L), At the end of the incubation period, 
viaole cells were quantitated by (4, 5-dimethylthia2o-2- 
yl)-2, 5-diphenyl tetrazolium bromide colorimetric assays 
as descnbed by the manufacturer. PacHtaxel dose- 
response curves were plotted as a fraction of viable 
paclitaxel-treated cells relative to ceUs grown in normal 
meaia. The H358 ceHs treated with the 17-AAG 4- pacK- 
taxel combination were plotted as fraction of viable c°Us 
re.abve to cells exposed to 17-A.AG alone, (to correct for 
the minor growth inhibitory effect of 17-AAG) Paclitaxel 
mhibito.ry concentration at 50% (ICjo) values for ceUs 
treated with paditaxel alone or paclitaxel in combination 
with 17-AAG were derived from respective dose- 
response curves. A reduction of paciitaxel IC^^ values in 
ceiis treated with the drug combination indicated in- 
creased cellular responsiveness to pacKtaxel cytotoxic 
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euects mediated by 17-AAG. To further connrm the 
synergistic cytotoxic drug interaction e&'ect of paciitaxei 
and 17-AAG, the combination index at 50% growth 
inhibition level {CI30) ^v'as calculated [15]. The Cl^o^values 
less than X equal to 1, or more than 1 indicate synergistic, 
additive, ox antagonistic cytotoxic drug interactions] 
respectively. 

Apoptosis and Caspase 3 Activity 

The K35S cells treated with paditaxel alone (50 or 200 
rtmol/L) or paditaxel with 17-AAG (20 nmol/L) were 
harvested at 4S and 60 hours after drug treatment for 
measurement of caspase 3 activity and apoptosis, respec- 
tively. Caspase 3 activity in cell lysates was measured by 
colorimetric assay (R&D). After normalization for total 
protein in the ceU lysates, caspase 3 activity was ex- 
pressed as fold increase over levels detected in untreated 
control ceDs. Apoptosis was quantitated by, flow cytom- 
etry tedmiques using the Apo-BrdU kit (Pharmingen, 
San Diego, CA) and protocols contained therein. 

J77 Vivo H358 Human Tumor Xenografts Model 
The H358 human tumor xenografts were created in hind 
flanks of nude mice by inoculation of 10^ cells suspended 
in 100 fj.L of phosphate-buffered saline. Palpable tumors 
of 170 to 200 mm^ appeared approximatdy 4 weeks after 
tumor cell injection. Tumor-bearing animals then re- 
ceived either paditaxel (1 mg/kg dissolved in 100 of 
.phosphate-bufFered saline once per week for 4 weeks), 
17-.AAG (10 or 25 mg/kg in 100 ^lL of carrier solution at 
■three d^ily injections per week for 4 weeks) or padi- 
taxel -f 17-AAG combinations (first doses of 17-.AAG 
were administered concurrently with pacHtaxel) by intra- 
peritoneal injections. Control animals received phospho- 
hpid-based drug carrier solution alone. Orthogonal di- 
ameters of tumors were measured weekly. Animals were 
euthanized when tumors reached maximaHy aDowable 
volumes of 2,500 to 2,800 mm^ Tumor volumes were 
estimated using the following formula: V = 0.52 X a X 
b X c, where a, b, c are orthogonal diameters. 

Representative xenografts were harvested at the end of 
treatment for evaluation of cellular expression of VEGF, 
von Willebrand f='ct^-^ o-t^ro ^- — ^ 
using immunohistochemical techniques. 

Data Analysis 

Data were expressed as mean ± standard deviation of at 
least three independent experiments. Paired t test. Stu- 
dent's / test, and one-w^ay analysis of variance '(with 
Bonferroni test for pairwise comparisons) were per- 
formed for statistical analysis using Prism 2.0 software 
package (Graphpad Sofh\^are, Inc, San Diego, CA). 

Results 

Depletion of erbBl and erbBl Expression on H358 
Cells by 17-AAG 

The H35S cells expressed high levels of erbB2 (approxi- 
ir>ately threefold higher than the level detected on nor- 
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Fig 1. Immunofluorssccnce flow cytometric analysis of surf ace ex- 
pression of erbBl and erhBl on H358 cells afhaseline and after 24 
hours of exposure to 17~alh/lamino geldanamycin Cil-AkG) (20 or 
80 nmoJ/ll Depletion cf erbBl (only at 80 nmol/L of IJ-AAG) and 
erbBl Irjels after 17-AAG treatment was indicated by significant 
redvdnon of erbBl and erbBl mean fluorescence intensity and shift- 
ing of the curves to the left. Representative data of three independent 
experiments that yielded similar results arc shozon. 

mal human bronchial epitheHal cells), with mean fluo- 
rescence intensity of 160 ± 11. Exposure of H35S cells to 
20 or 80 nmol/L of 17-AAG for 24 hours res.^ted - ^ 
dose-dependent reduction of erbB2 mean fluorescence 
mtensity to 80 ± 6 and 40 ± 8 < 0,01 versus basehne 
controls, n = 3) (Fig 1). Moreover, at the higher dose of 
17-AAG, erbB2 expression was completely depleted in 
65% of treated cells. In contrast, erbBl expression in H358 
cells was comparable to normal human bronchial epithe- 
hal cells, and depletion of erbBl was achievable oky at 
high concentration of 17-AAG. Exposure to 80 nmol/L of 
17-AAG for 24 hours reduced erbBl expression by 35% 
(mean fluorescence intensity of 110 ± 4 in treated ceJls 
versus 168 ± 12 in control cells, p < 0.01); all tumor cells 
remained positively stained for this receptor (Fig 1). 
Similar to a previously pubHshed report [16], 24-hoTir 
exposure of tumor ceHs to 17-AAG was more efident in 
depleting erbB2 than erbBl membrane expression. Tne 
17-AAG also significandy inhibited H35S csU cn-owth in 
■vitro with the estimated IC50 value of 70 ± 5 nmol/L 
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% 2. Ei/ianc^mcni of pacKinxd-mediaUd cytotaxidh, in H358 cells 
&y 17-Mylami,w geldanamycin (ll-AAG) (20 or 40 'nmol/L). The 
magmhtde of growth inhibitory efed in cells treated with the drug 
- combination was supraaddiHve, pariiculaTly at low doses' of pacii- 
taxd. Data are presented as mean x standard d^iaHon of four in- 
dependent expeuTnents. paclitaxd inhihitOTy concentration at 50% 
(1C50J values are indicated in the legends. 

Brihancemem of Pacliiaxel Cytotoxicity by 17-AAG In 
Vitro 

Figure 2 demonstrates the dose-dependent growth inhib- 
itory effects of paditaxel or paclitaxel -i- 17-AAG combi- 
nabon m H358 ceUs. Paclitaxel effectively inhibited tumor 
ceU viability (IC^' = no ± 8 nmol/L). Concurrent expo- 
sure of H358 cens to pacUtaxel and 17-AAG resulted in a ' 
drastic reduction of pacHtaxel ICso values (20 ± 3 and 5 ± 



1 nmo!/L at 20 nmol/L and 40 ninol/L of 17-AAG 
tively); these IQ^ values were signincan tly lower 'th~n the 
paclitaxel IC,, value in ceDs treated with paclitaxel alon- 
{p < 0.001). The increased suppression of cell growth bv 
he addition of 17-AAG to pacKtaxel treatment (30% to 
40/. at lower spectrum of pacHtaxel dose range) was 
higher_than the mild 17-A.AG-mediated growth inhibi- 
non. ims nnoing suggested that 17-AAG enhanced the 
_ susceptibility of tumor cell to the cytotoxic effect of 
paclitaxel. hurthermore, the synergistic cvtotoxic eff-ctof 
this dnig combination was confirmed by [he combmation 
index CI50 values being significantly less than 1 (0 589 ± 
0^078 and 0.630 ± 0.113 at 20 nmol/L and 40 nmol/L of 
17-AAG, respectively, p < 0.01). The 17-A.KC did not 
activate caspase 3 or induce apoptosis in H358 cells- in 
contrast, caspase 3 actiwty was evident in K35S cells after 
treatment nith 17-AAG + pacHtaxel, which was hi-her 
than that observed after exposure to paditaxel alone (Fie 
3A). Tnis was accompanied by a- higher magnitude of 
induction of apoptosis (Fig 3B). For instance, 55% ± 8% 
and 60% ± 4% of apoptotic cdls were detected after 
treatment with 50 nmol/L and 200 nmol/L of paclitaxd in 
conjunction with 17-AAG compared to 22% ± 3% and 
28% ± 4% of apoptotic ceDs after exposure to paditaxd 
alone (p < 0.01). " ■ 

Inhibition of Vascular Endothelial Cell Growth Factor 
Secretion From H358 Cells by 17-AAG and AG825 In 
Vitro. 

The H358 cells secreted high.levds of VEGF into the' 
^^'^ conditions. Stimulation with 
bCt (20 ng/mL) resulted in a mild but significant deva- 
bon of VEGF (35,400 ± 3,750 versus 27,596 ± 2,500 pg/mL 
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Fig 4. le-jels of vascular endothelia! cell growth fador (VEGF) in 
condUioned culture media of H358 cells at haseline or after stimula- 
tion with epidermal cell growth factor (RGB QO ng/ml) in the 
presence or ahsence of 17-allylamino geldanamycin a7^AAG) (20 
or 80 nmol/l) or the selective erhBl tyrosine kinase inhibitor AG82S 
- ao or 50 u.niol/L). Not only did 17-AAG or AQSIS strongly inhibit 
vascular endothelial cell growth- factor production by H358 cells at 
baseline conditions but they also effectively abrogated the upr'-gula- 
tion of vascular endothelial cell growth fador production by epider- 
mal cell growth factor. Data are presented as mean ± standard de- 
viation of four independent experiments, *p < 0.0% < 0.001. 

per 24 hours per milligram of cellular protein, ;? < 0 01) 
Treating H358 cells with 17-A.\G (20 or SO ninol/L) for ^4 
hours suppressed both basal as well as EGF-mediated 

. upregiilation of VEGF expression (Fig 4) in a dose- 
dependent manner with the magnitude of inhibition 
ranging from 40% to 80%. 

. Inhibition of EGF-mediated upregulation of VEGF pro- 
duction by H358 cells after 17-AAG exposure may result 
trom Its effect on downregulating both erbBl and erbB2 



expression. Tne erbB2 receptor, although lackm- a con- 
nate ligand. modulates signaling from other members of 
the erbB superramily [17J. To delineate further the role of 
erDB2 m EGF-mediated upregulation of VEGF produc- 
tion, additional experiments were performed usin- th^ 
selective erbB2 tyrosine kinase antagonist ^GS'^5^[1S] 
Treating H358 cells wixh AG825 (25 or 50 ^mol/L) sup- 
f,!!'!f^ ^^'^^ ""'^^ EGF-mediated induction of 
VhGF secretion, to the same degree as observed after 
17-AAG treatment (Fig 4). 

In Vivo TumoTicidal Effect of Padita^d^nd 27-A4G 
The in vivo experiment was designed to validate the in 
,vitro findings of the synergistic cytotoxic effect and the 
potential anhangiogenic property- of this combination 
(higt)). Parental administration of 17-.^G alone resulted 
m dose-dependent growth inhibition of H358 xenografts 
StabsticaHy significant reduction of tumor volume^'s and 
corresponding survival extensions were observed only in 
animals treated with the high dose of 17-AAG (25 mWlcg) 
(Fig 5 and Table 1). Significant inhibition of tumor orowth 
and prolonged survivals were also noted in mice treated 
with pacUtaxel (1 mg/kg) alone. More importantly, con- 
current administration of 17-AAG (either at 10 or 
25 mg/kg) and paditaxel (1 mg/kg) resulted in a profourid 
dose-dependent tumoriddal effects with 70% to 85% 
inhibition of tumor growth, and extension of survival 
from 3.5 months Qow dose of 17-AAG with paclitaxel) to 
nearly 5 months (17-AAG 25 mg/kg and paditaxel), 
representing a two- to threefold prolongation of life 
expectancy of tumor-bearing animals (Fig 5 and Table 1) 
The tumor volumes measured at 8 weeks after the begin- 
ning of combination- chemotherapy were significantly 
less than those predicted by assuming additive druR 
effects (Table 1). Furthermore, the mean s^arvival exten- 
sions of animals treated with 17-AAG -f pacHtaxel com- 
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Table 1. InVivcTiimonddrd^-rf^ri'^of'^'?-^^^- 0,-^;^^^? ;^ ^ . , . . . , 



Grouu 



(wk) 



Extension 
of Survival 
(wk) 



Conto! 
ll-AAG (10 

mg/kg) 
17-AAG (25 

mg/kg) 
Paciitaxe! (1 

mg/kg) 
17-,AAG (10) 

paciitaxel 
17-A.^G (25) ■ 

paclitaxel 



7.S = O.S 

■9.2 - 1.6 

13.5 :^ 0.5^ 
14.3 ± 1.6^ 

22.6 ± \.e^ 

26.8 ^ S-a"" 



N/A 
1.4 

5.7 

6.5 

14.8 

19.0 



lumor Volcmes 
2t S Weeks (rrinr/) 

2,557 ± 110 
2,370 = 3O0 

1,077 ± 56 

1,210 ± 1S3 
762 ± 120 (1174)= 
328 ± 45 (508)= 



Mean ± SD (n = S per group). 

' r^^e elapsed from the onset of therapy to reaching tumor volumes of 
2,^00 mm . > < O.OOl versus control by analysis of variance and 
Bonferroni test. ^Predicted mean tumor volumes by assuming addi- 
tive drug effects. J & ^ 

17-AAG = 17-alIylaminc geldanamydn. 

biBations were longer than the algebraic sums of the 

extensions resulting from each treatment alone (Table 1). 

Collectively, these data suggested in vivo synergistic 

tumoricidal drug. effects. 
Immunohistochemical analysis of erbB2 and VEGF 

expression, capillary density, and apoptosis in tumor 
nodules harvested 24 hours after completion of chemo- 
therapy is shown in Figure 6. A profound reduction of 
membrane-bound erbB2 expression was observed in 
tumors from mice treated with either 17-AAG alone or 
17-AAG -h paditaxel, suggesting that therapeutic levels 
of 17-AAG were achieved in xenografts. In paraDel with 
in vitro observation of 17-AAG-mediated inhibition of 
VEGF production by H358 cells, cytoplasmic VEGF ex- 
pression was also significantly decreased in tumors har- . 
vested from nriice treated with 17-AAG or 17-A.AG -f 
paclitaxel (Table 2). Interestingly, mild- to-moderate re- 
duction of cytoplasmic VEGF expression, was also noted 

Table 2. Semiquajjmanve Aiiahjsis of Immunohhtochernicdl 
Staining of Tumor Tissues for Molecidar Markers (n 3) 



Grc 



up 



Activated 

erbB2 VEGF vW Factor Caspase 3 



Control 
17-AAG (10 

mg/kg) 
17-AAG (25 

mg/kg) 

Paditaxel (1 

mg/kg) 
17-A^G (10)- 

paditaxel 
17-AAG (25) 

paditaxel 



17-.\.^G - 17-iiiyi2mino geldannmycin; VTGF = vascular endothelial 
cell growth factor, vW = von Wille brand. 



ously pubhshed observations [19]. Capillary dej^ktv of 
tumor nod-jles was evaluated by staining for von V\4l]e- 
brand factor, which is expressed by capHlary endothelial 
ceDs. Difuse positive endothelial staining observed in 
control tumors was sUghtiy diminished Ln tumors treated 
with paclitaxel von WilJebrand factor expression was 
markedly reduced in tumor treated with IJ-AAG or 
17-.AAG -f paclitaxel, indicating that reduction of VEGF 
expression coincided with diminished tumor angiogene- 
sis (Table 2). Abundance of activated caspase 3°positive 
ceHs (mdicative of ongoing apoptosis, dark brown stain- 
ing cells) could be observed in tumors treated with the 
17-AAG 4- pacHtaxel drug combinations (Fig 6). Apopto- 
hc cells were less frequently noted in paditaxei-treated 
tumors, and rardy were they seen in control or 17-.A.AG- 
treated tumors. 

Comment 

Previous studies have demonstrated that members of the 
erbB superfamily (particularly erbBl and erbB2, which 
are frequently overexpressed in NSCLC ceHs) play im- 
portant roles in mediating the response of tumor cells to 
cytotoxic stress and modulating their susceptibility to 
chemotherapeufcic- agents. Overexpression of erbB2 in 
cancer cells enhances resistance to various cytotoxic 
agents induding dsplatin and paditaxel as well as irra- 
■ diation, Upregulabon of DNA repair mechanisms medi- 
ated by erbB2 overexpression contributes to chemother- 
apy and radiation resistance in cancer cells [3]. In 
contrast, upregulation of the cyclin-dependent kinase 
mhibitor p21, which inhibits progression of cells into the ' 
M phase of the cdl cyde, is a major mechanism of ^ 
paclitaxel resistance in cancer cells overexpressing erbB2 
[20, 21]. Overexpression of erbBl or activation of erbBl 
receptor tyrosine kinase activity by EGF similarly renders 
tumor cells refractory to paclitaxd cytotoxidty [22]. Inhi- 
bition of the function or phenotypic expression of erbBl 
or erbB2 by monodonal antibodies or low molecular 
weight compounds abrogates chemoresistance mediated 
by erbB overexpression in cancer cells. 

We have been interested in developing strategies to 
enhance the c^^totoxic effects of conventional chem°other- 
• apeutic agents such as pacHtaxel in lung or esophageal 
cancers by exploiting the current understanding of'^the 
rdationship between the erbB signal transduction path- 
ways and paclitaxel sensitivity. By targeting the erbB 
oncogenes using low molecular weight compounds such 
as 17-AAG we may avoid technical issues that may Hmit 
the efficacy of anti-erbB monodonal antibodies, antisense 
constructs, or intracellular anti-KER2/neu single chain 
antibodies. Previously, we have demonstrated sequence- 
dependent enhancement of pacHtaxel cytotoxidty in 
M5CLG by this compound [4]. Concurrent but not se- 
quential 17-AAG/pacHtaxd drug exposure significant! v " 
sensitized NSCLC ceHs expressing high levels of erbB2 to 
paclitaxd. Tnis salutary effect has been extended to 
esophageal cancer ceOs expressing devated levds of 
erbB2 (unpublished data). The in vivo experiments dem- 



Ann ir.ornc .>urg 



PAClIiAXHL CHIMOSENSITTZ 



^-iiON IN NSCLC 



377 



erbB2 



vW Factor 



Activated 
Casoase 3 




factor, t^inSns for ^.^Zt^ XitlLrT^^^^^^^^ ^'E^^^' - m^zi^Aw; 



/«ci<,r (stai,unsfor en^ilulial cUs to evaluate iu„u,r rnicrollcu^ZTuZ §17^*" "^^'^^^^-^ 
if.. ,;.oio:nfc.<,^.,y. of tumors treated unth phosph.iel^^^tl^Z (Tot^^^^^ ' ^"'^^ ''--^ - "^'^P^""'^ "-'^^^ Represent.. 



• onstrating profound tumoiiddal effects of the pacUUxel 
and 17-AAG combination extended in vitro observations 
of synergistic q'totoxic drug interaction ' of these two 
agents. However, it is difficult to prove synergism of drug 
interactions m vivo. The observations that tumor vol- 
umes m animals treated by the drug combinations were 
smaller than predicted by assuming additive antitumor 
drug effects (Table l)..ahd the survivals of tumor-bearing 
animals treated with the drug combination were lon-er 
than the algebraic .sums of the extension of survivals 
achieved by individual drug treatment alone strongly 
suppori the notion of potentiation of paclitaxel tumori- 
cidal effect by 17-AAG. 

In addition to being a chemotherapy sensitizer, our 
=5^°^" that 17-AAG is a powerful inhibitor 
of VEGF production by tumor cells through its negative 
effect on erbB signal transduction pathways, which are 
known to transcriptionally regulate VEGF gene expres- 
sion -[13, 23]. Significant information was derived from 
the molecular analysis of tumor samples harvested aft-r 
completion of a 4-week course of chemotherapy This 
tmne point was chosen to dearly demonstrate the antian- 
giogeneic effect of 17-.\AG. Whereas depletion of VEGF 
secretion by H358 cells occurs within hours of 17-AAG 
exposure, alteration of tumor microvasculature in re- 
sponse to reduced VEGF levels would take m.ore time to 
aevdop. The in vivo effects of 17-AAG on erbB2 or VcGF 
expression and the induction of apoptosis by paditaxel 



(with or without 17-AAG) were probably derived from 
the last treatment rather than a cumulative effect of the 
four cydes. Almost complete depletion of erbB2 expres- 
sion m tumors treated with regimens containing 17-AAG 
provided direct proof that therapeutic drug levels. were 
achieved using the treatment schedule discussed In 
conjunction with depletion of erbB2 expression, sicmifi- 
cant reduction of VEGF cytoplasmic expression in H358 ' 
tumor ceUs and inHbition of angiogenesis were also 
obsen'ed. These data dearly demonstrate the biological 
significance of 17-AAG-mediated inhibition of VEGF 
production, and affirm our in vitro 'experiments thTt 
suggested that 17-AAG exhibits antiangiogenic effects In 
this context, 17-A.AG played the dual role of a paditaxel- 
sensidzing and an antiangiogenic agent. This drug com- 
bmation strategy appears quite analogous to recent an- 
bcancer regimens combining a cytotoxic agent and an 
anhangiogenic agent (either an anti-VEGF antibody or a 
V_GF receptor pharmacologic antagonist) [24, 25] The 
individual contribution of the paditaxel sensitization and 
t..eantLangiogemc. properties of 17-.AAG are difficmt to 
define at this time. 

^ The phase I dinical- trial using 17-.A.AG (daily 1-hour 
intravenous infusion for 5 days every 3 weeks) as a sin<rle 
agent to treat advanced solid malignandes is in pro-r°ss 
at the Nabonal Cancer Institute, and mitial data in<icate 
rhat nepatotoxidty is the dose-limiting factor as pre- 
dicted from precKnical studies ffean Grem and Richard 
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Wil5on, Nador.al Cancer insdtute, Bethesda, MD, p-r- 
sonai coir:municadcn). Pne peak plasma dra? levels at 
maximally tolerated dose were 1 to 2 arr.ol/L, which are 
well above the concentrations required to achieve syner- 
gistic arug interaction in vitro. The acceptable dru^ 
to^xaoty profile derived from the phase I trial togethe? 
with the powerful tumoricidal effect of this drug combi- 
nation observed in our present studies support^ evalua- 
tion of 17-A.\G in combination with paciitaiel in patients 
with NSCLC and esophageal cancers exhibiting hi-h 
level HER2/neu expression. ° 



We acKnowledge the superb technical assistance of Shawn 
Fand. BS, and .^old Mixon, BS, of the Flow Cytometiy Core 
Facility, Surgery Branch, National Cancer Institute, National 
insbtutes of Health. 
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m KAPxVHY L PASS (Detroit MI): Veiy nice, Dr Nguyen. 

I have a couple of questions. The relationship between erbB-2 
and this whole situation, what is the evidence that AAG is 
actually working selectively through an erbB-2 mechanism and 
IS not having other effects, and have you done exi^eHments to 
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block either with antibody or making 
Herceptin (Genentech, San Francisco, CA)? 



even better u 
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The second question is, this could also be explained by 
overcoming resistance to paciitaxel. Do you have anv data with 
regard to your cell line with regard to tubulin mutadons in this 
ceil line? 

DR NGUYEN: To answer your nrst question, in terms of the 
impact of 17-.AAG on erbB-2-mediated signal transduction path- 
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v^-ay, you are perfectly right. This compound r^ot only targets 
e.b3-2, itslso targets other signal transduction oathwavs as well 
as other oncoprcteir^s. lo specincally target erb3-2 pathw^^^ we 
used Herceptin and we also used AGS25, which a selective 
erbB-2 antagonist. We obser%'ed similar enhancement of pacli- 
taxe!-.T.edinted cytotoxicity in NSChC cells by AGS25. Hercep- " 
tin, on the other hand, we did not see such a'powenul sensiti- 
zation ect, and the reason for that is unclear at this point. 
Whzit is your second question, Dr Pass? 

DR PASS: The question of whether this is simply an overcoming 
chemoresistance phenomenon. Do you have any data whether 
A.AG has any effect on cell lines with jB tubulin mutations, and 
does your cell line have jB tubulin mutation? 



DR NGUYEN: No, we have not done that. We recently looked at 
the mechar.isms of this combination ef ect, and it is rehted'to^he 
abilitv of 17->^AG to suppress p21, and that allowed the cells^to 
traverse the G2.M check point and accumulate the cells in 
mitosis, and p2l actually inhibits cdC2/p34 kinase, which is 
knoum to play an irr.portant role in paclitaxel-mediated apopto- 
sis. So we observed that by using this combination the d21 levels 
decreased, associated with higher fraction of cells in mitosis and 
augmentation of paclitaxel-mediated apoptcsis. 

DR PASS: Do you have any data with any other chemotoxics? 

DR NGUYEN: It has been looked at before with' 17-AAG- 
sensitized tumorcells to cisplatin and the other chemotherapeu- 
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The 2001 Part I (written) examination vvilj be held at the 
Hotel Sofiei, 5500 North River Rd, Rosemont, IL 60018- 
5194, on November 18, 2001. The closing date for regis- 
tration was August 1, 2001. ^ 

To be adniissibie to the part II (oral) examination, a 
candidate must have successfully completed the part I 
(written) examination. 



A candidate applying for admission to the certifying 
examination must fuiEll all the requirements of the Board 
in force at the time the application is received. 

Please address all communications to the American 
Board of Thoracic Surgery, One Rotary Center, Suite 803, 
Evanston, IL 60201; telephone: (847) 475-1502; fax: (847) 
475-6240; e-mail: abts_evanston@msn.com. 
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Modulation of Metastasis Phenotypes of Non-Small 
Cell Lung Cancer Cells by 17-Allylamino 
17-Demethoxy Geldanamycin 

Dao M N^yen, MD, Sudhen Desai, xMD, Aaron Chen, MS/ Todd S. Weiser, MD, and 
Da\rid S. Schrump, MD 

^th"s'^ Maja^d'"'"' '"'"^ °' ^-"^ I-^'^^'^' Institutes of Health, 



Backgrotpid, Cancer cells that overexpress c-erbB onco- 
genes exhibit resistance to chemotherapy, enhanced tu- 
morigenicity, as well as increased propensity for metas- 
tasis. Tlie aim of this study was to investigate if depletion 
of erbB-l/EGFR and erbB-2/HER2neu oncogene products 
by 17-aIiylamino 17K^einethoxy Geldanamycin (17AAGA) 
could diminish the metastatic potential of non-small cell 
lung cancer (NSCLC) cells that express varying levels of 
the erbBl/erbB2 oncogenes. . 

Methods. NSCLC ceil lines (H460, H35S, H322,.or H661) 
were assayed for expression of erbBl and erbB2, the cell 
adhesion molecule E-cadherin, secretion of the matrix 
metalloproteinase 9 (MMP-9), and vascular endothelial 
cell growth factor (VEGF), as well as their ability to 
invade Matrigel after 4S-hour exposure to 17AAGA.^ 

Results. 17AAGA significantly depleted erbBl or 
erbB2 levels in NSCLC cells expressing high levels of 



these proteins, and effectively inhibited their growth 
with IC50 values ranging from 50 to 90 nmol/L. Moreover, 
drug treatment enhanced E-cadherin expression in H322 
and H358 cells, and inhibited secretion of MMP-9 and 
VEGF secretion by tumor ceils. 17AAGA diminished 
hypoxia-induced upregulation of YEGF expression as 
well as growth factor-mediated augmentation of MMP-9 
secretion, and profoundly inhibited the ability of H322 
and H358 cells to migrate through Matrigel in response to 
chemoattractan ts. 

Conclusions, In addition to its known antiproliferative 
and chemosei:isitization effects, 17AA.GA inhibits the 
metastatic phenotype of lung cancer cells. 17AAGA may 
be a novel pharmacologic agent for specific molecular 
intervention in lung cancer patients. 

(Ann Thorac Surg 2000; 70:1553- 60) 
©2000 by The Society of Thoracic Surgeons 



Patients with non-small cell lung cancer (NSCLC) 
frequently present with either locally advanced 
(stage IIIA/B) or systemic disease (sUge IV). The overall 
prognosis for these individuals is very poor, with the 
median survival less than 9 to 12 months despite an 
aggressive combination of chemo and radiotherapy. 
More importantly, the main mode of treatment failure 
after curative-irifonj- fKia-r-aT-i^? fr^-r o-.T-Kr^c^-^-^o ktc/^t n 
systemic metastasis [1]. Acknowledging the fact that 
mature data of phase II/III clinical trials addressing the 
values of adjuvant chemotherapy for completely resected 
early-stage NSCLC are stiU forthcoming, there is no, 
evidence that adjuvant therapy has any impact on the 
outcome of surgically treated NSCLC [2]. Micrometasta- 
ses derived from lung cancers may have low proliferative 
activity, rendering them insensitive to standard cytotoxic 
agents. Hence, there is an urgent need for novel antineo- 
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plastic agents that exhibit strong antiproliferative effects 
as well as a capacity to inhibit the metastatic potential of 
tumor cells. . 

Solid tumor metastases arise by a multistep process 
regulated by complex interactions between tumor cells 
and adjacent stromal tissues [3]. In association with 
altered expression of adhesion molecules such as E- 
cadhenn, cells detach from the main tumor mass and 
migrate through the extracellular matrix, degraded by 
tumor-derived matrix metalloproteinases (MMPs). After 
dissemination, ceils exit from the vasculature and estab- 
lish metastatic deposits, facilitated by the expression of 
integrin or hyaluronate (CD44) receptors, and the secre- 
tion of angiogenesis factors such as vascular endothelial 
cell growth factor (VEGF). 

Experimental and clinical data have indicated that 
overexpression of erbBl and erbB2 protooncogenes en- 
coding the epidermal growth factor receptor (EGFR) and 
the orphan receptor (HER2/neu), respectively^ correlates 
v^th locally advanced disease, distant metastases, and 
diminished survival in patients with breast, lung, eso-oh- 
ageal, and ovarian carcinomias [4-7]. Tumor cells overex- 
pressing these protooncogenes exhibit one or more phe- 
notypes correlating with enhanced metastatic potential 

0003-4975/00/S20.00 
PII 50003-4975(00)01810-5 
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including down regulation of E-cadheiin expression, in- 
creased secretion of MMP-9 and VEGF, and accelerated 
invasion through extr.^cellular matrix [S-lOj. Therapeutic 
strategies that specifically target erbB shouJd inhibit 
mitogenic signaling via erbBl and erbB2 pathways and 
may reduce the proliferation and metastatic potenti'al of 
cancer cells; indeed, treatment of cells overexpressing the 
erbB_l or erbB^2.gene products with antagonistic nnonp- 
clonal antibodies significantly inhibits their metastatic 
phenotype [10, 11]. 

Hie benzoquinone ansamycin antibiotic geldanamycin 
(GA) and its less toxic synthetic derivative, 17-allylamino 
17-demethoxygeldanamycin (17AAGA), have been re- 
centiy selected for clinical development: at the National 
Cancer Institute based upon their activity against cell 
Knes derived from a variety of human malignancies [12, 
13]. The growth inhibitory effects of geldanamydn and 
17AAGA appear related to their ability to inhibit the 
expression of several cellular' oncoproteins, including 
erbBl and erbB2 [13]. In the present study, we sought to 
evaluate if 17AAGA could modulate the metastatic po- 
tential of lung cancer ceils overexpressing the erbBl and 
erbB2 gene products. Herein, we demonstrate that treat- 
ment of NSCLC ceUs with 17AAGA results in significant 
reduction of erbBl or erbB2 expression, profound inhibi- 
tion of cell proliferation, upregulation of E-cadherin 
expression, and downregulation of VEGF and MM:P-9 
secretion, paralleling with diminished capacity to invade 
extracellular matrix in vitro. 

Material and Methods 
Cells and Reagents 

The NSCLC cells H460, H358, H661, and H322 were 
purchased from ATCC (Manassas, VA), and were grown 
in RPMI-1640 medium supplemented with glutamine 
(1 mmol/L), penicillin (lOO' U/mL)/streptomycin ' 
(100 ^g/mL), and 10% fetal bovine serum (FBS) (all 
purchased from Biofluids, RockviHe, MD). Normal hu- 
man bronchial epithelial (NHBE) ceils were purchased 
from Cionetics, Inc (WaBcerviBe, MD) and maintained in 
bronchial epithelial cell basal media • (Clonetics, Inc). 
17AAGA was obtained from the Drug Synthesis and 
Chemistry Branch, Developmental Therapeutics Pro- 
gram, Division of Cancer Treatment, National Cancer 
Institute, and dissolved in dimethyl sulfoxide to yield a " 
100 /^mol/L stock solution, which was stored at -70°C. 
All experiments using this compound were performed 
under subdued Kghting conditions. Recombinant human 
epidermal growth factor (EGF) and heregulin-a (HRG) 
(purchased from R&zD, Minneapolis, MN), and the anti- ' 
erbBl and anti-erbB2 monoclonal antibodies (purchased 
from Calbiochem/Oncogene Research Products, Cam- 
bridge, MA), were constituted in phosphate-buffered 
saline (PBS), and stored at 4"C as recommended by the 
manufacturers. The E-cadherin antibody was obtained 
from ICN Biomedicals, Inc (Aurora, OH). 
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hnmunojLiiorescerLi Strdning and rlao Cytometric 
Analysis of erbBl, erbBl, oitd E-cadherin 
Expression of erbBl, erbB2, and E-cadherin in NSCLC 
cell Knes w^as quantitated by flow cytometry using a 
Becton-Dickinson (San Jose, CA) fluorescence'-activated 
cell sorter (FAGS). In brief, cells grown in either normal 
media with or without 17AA.GA were har\'ested by tryp- 
sin/EDTA. To prevent proteolysis of surface adhesion 
molecules, cells harvested for E-cadherin staining were 
treated with 0.01% crystallized trypsin in the presence of 
1 mmol/L of calcium, then w^ashed in Ga/Mg-free PBS. 
' Single-cell suspensions were incubated with either anti- 
erbBl, anti-erbB2, or anti-E-cadherin monoclonal anti- 
bodies for 60 nunutes at room temperature. Cells were 
then washed with PBS, and incubated with fluorescent 
isothiocyanate (FITC)-conjugated goat anti-mouse IgG 
antibody at room temperature for 60 minutes in the dark. 
An irrelevant mouse IgG isotype monoclonal antibody 
was used, as a negative control. for FACS analysis. A 
minimum of 10^ cells were analyzed by FACS flow 
cytometry. The magnitude of surface expression of these 
proteins was indicated by the mean fluorescence inten- 
sity (MFI) of positively stained cells. The MFI of isotype 
IgG control samples was always less than 10. 

In Sitii Immwiofluorescent Staining of E-cadherin 
Ceils were cultured in chamber slides (Nalge Nunc 
International Corp, Naperville, IL) until 80% confluent, 
washed with PBS, fixed with 1% paraformaldehyde for 10 
minutes, and permeabihzed with acetone for 5 minutes. 
Immunofluorescent staining for E-cadherin was per- 
formed similar to that described for flow cytometry. 
Slides were examined under the fluorescence micro- 
scope. Fluorescent photomicrographs were taken at200X 
magnification. 

MMP'9 Assay 

Cells were grown to confluence in six-well plates, w^ashed 
twice with PBS, and then incubated with 2 mL of fresh 
serum-free RPMI-1640 medium. In the 17AAGA treat- 
ment group, cells were replenished with media contain- 
ing either 20 or. 80 nmol/L of 17AAGA. .After 48 hoiars of 
incubation, conditioned media were harvested and fro- 
zen at -70='C until assayed for MMP-9 expression using 
an enzyme-linked immunosorbent assay (ELISA) kit 
(Calbiochem/Oncogene Research Products,. Cambridge, 
MA). CeEs from each well were collected, and to'tal 
cellular protein was assayed by bicinchoninic add (BCA) 
technique (Pierce, Rockford, IL). MMP-9 levels in the 
conditioned media were expressed as pg/mL/24 hteg of 
total cellular protein. 

VEGF Assay 

Cells were grown to 80% confluence in 24-welI plates, 
washed once with PBS, and replenished with 2 mL of 
fresh RPMI-1d40 alone or containing either 50 ^moI/L or 
100 ^mol/L Cobalt Chloride (CoCy to simulate hypoxia 
[14]. In the 17AAGA treatment groups, appropriate ali- 
quots of 100 X 17AAGA stock were added to the culture 
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media to yield a final concentration of .80 nmol/L. After 
4S-hour incubation^ conditioned media were harvested 
and frozen at -70°C until assayed for VEGF. VEGF levels 
in the conditioned media were evaluated using an ELISA 
kit (R&D) and expressed as ng/mL/24 h/10^ ceils. 

Matrigel Invasion Assay 

The chemoinvasion assay was perfonned as previously 
described [15]. Briefly, polyvinyl pyrrolidone-free poly- 
carbonate filters (10-^tm pore size; Meuroprobe, Gaith- 
ersburg, MD) coated with 500 /xg/mL of Englebreth- 
Holm-Swarm murine sarcoma basement membrane 
extract (Matrigel; Sigma Chemical Co, St. Louis, MO) 
were placed in a modified Boyden chamber (Neuroprobe, 
Gaithersbuig, MD). Matrigel was diluted to the desired 
final concentration using cold (4°C) serum-free RP>/I- 
1640 media. Filters were then placed in 15 mL of 500- 
fj^glml Matrigel in 100 X 15-mm Petri dishes and rotated 
at 45 rpm overnight at 4°C. Filters were air diied under a 
sterile hood immediately before use. Cells (6 X 10^/mL) 
were suspended in serum-free RPMI and added to the 
upper chamber (30,000 cells/ well). The lower chamber 
contained serum-free conditioned media from cultures of 
K'lH 3T5 cells as a chemoattractant. Chambers were 
incubated at 37°C in 5% CO, for 6 hours. At the end of the 
incubation, cells on the upper stirface of the filter were 
aspirated off and the filters were fixed in methanol and 
stained with Difr'-Quik II, a Wright-Geimsa stain (Baxter, 
McGaw Park, IL). Cells that had invaded the lower 
surface of the filter were counted by light microscopy and 
data were expressed as cells/5 high-power fields 
(HPF)/welL 



Data Analysis 

Data are expressed as means ± standard deviation (SD). 
Student's i test and one-way analysis of variance (with 
Bonferroni test for pairwise comparisons) were used for 
statistical analysis using Prism 2.0 software package from 
Graphpad Software, Inc (San Diego, CA). ■ 

Results 

Constitutive Expression of erbBl and erbB2 in 4 
NSCLC Cells Lines 

The NSCLC cell lines used in this study express different 
levels of erbBl and erbB2 surface receptors as deter- 
mined by flow cytometric analysis (Fig lA). In compari- 
son w^ith the receptor levels expressed in confiuent 
NHBE, K460 ceils express low levels of both erbBl and 
erbB2; H661 and H358 cells express high levels of erbB2, 
but not erbBl, w^hereas H322 cells overexpress both 
erbBl and erbB2. Forty-eight-hour exposure of these cells 
to 80 nmol/L 17AAGA resulted in significant reduction of 
surface expression of erbBl'or erbB2 in cells exhibiting 
elevated levels of these receptors. In parallel with inhi- 
bition of erbBl or erbB2 expression, continuous exDosu-^^ 
of th ese cells to 17AAGA for 96 hours resulted in a 
dose-dependent inhibition of cell proliferation, with es- 
timated ICso (concentrations of drug that inhabit 50% of 
cell proliferation) values ranging from 60 to 90 nmol/L 
(Fig IB). 

Upre^uution ofE-Cadherin by 17AAGA 
Expression of the calcium -dependent epithelial cell ad- 
hesion moiecxile E-cadherin was readily detectable by 
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flow cytometry in NHBE, H322, and H358 cells and not in 
H460 or H661 ceHs; results that were consistent with previ- 
ously published data concerning E-cadherixt expression in 
these ceEs [11], The mean fluorescence intensity of E- 
cadherin in H322 and H35S cells increased 1,5- to 2-fold 
after treatment with 17AAGA (80 nmol/L for 48 hours) (Fig 
2A). The percentages of positively stained cells also in- 
creased significantly after 17AAGA treatment in these ceH 
Hnes (63% ± 13% and 58% ± 10% of 17AAGA-treated cells 
vs 47% ± 7% and 38% ± 8% of imtreated H358 and H322 
ceEs; p.= 0,05 and p = 0.02, respectively). No upregulation 
of this adhesion molecule was noted in H460 and H661 cells, 
.^though diffuse cytoplasmic staining for E-cadherin was 
noted both in control and 17AAGA-treated cells, intense 
fluorescence indicating localization of E-cadherin to the cell 
membrane was only observed in treated R3SS and H322 
cells. Nfo such membrane localization was noted in H460 or 
HSei cells after 17A.^GA treatment (Fig 2B). 

DownregiLlation of MMP-9 Secretion 
Continuous exposure of NSCLC cells to either 20 or 80 
nmol/L of 17AAGA significantly inhibited MMP-9 secre- 
tion in a dose-dependent mariner, with an overall reduc- 
tion of up to 50% relative to baseline control levels (Fig 
3A). Moreover, incubation of K358 and H322 cells, which 
express high levels of both erbBl and erbB2 receptors 
with agonistic recombinant human EGF or heregulLn-cv, 
augmented secretion of MMP-9 by 35% to 50% relative to 
baseline. 17AAGA treatment completely blocked ligand- 
mediated upregulation of MMP-9 production in ^these 
two cell lines (Fig 3B). 

Suppression of VEGF Secretion by 17AAGA 

NSCLC cells dif ered widely in their abHity to secrete 

VEGF into the cuirore media. Values ranged from ap- 



proximately 1,000 pg/mL/24 h/10^ cells (H460, H322) to as 
high as 15,000 pg/mL/24 h/10^ cells (H358) (Fig "4.A). 
Cobalt chloride (CoCI^), which simulates hypoxic condi- 
tions by Interfering with ceDular oxygen sensing mecha- 
■ nisms [14], induced . significant upregulation of VEGF 
secretion (Fig4A). Forty-eight-hour exposure to 17AAGA 
(80 nmol/L) significantiy suppressed basal VEGF secre- 
tion in cultured lung cancer ceHs, with the magnitude of 
inhibition ranging from 10% to 50%. Furthermore, 
17AAGA suppressed hypoxia-induced upregulation of 
VEGF secretion; the magnitude of inhibition in treated 
cells ranged from 30% to 45% relative to untreated 
''hypoxic" cells. To confirm these findings, cells were 
incubated in a hypoxic chamber (95% N^ and 5% OJ. As 
expected, profound augmentation of VEGF secretion 
was noted in response to hypoxia, which could be' 
effectively inhibited by 17AAGA (either 80 or 160 nmol/L) 
in a dose-dependent manner in all cell lines examined 
(Hg 4B). 

Inhibition ofMatrigel Membrane hivasion 
The ability of cancer cells to migrate through the artificial 
extracellular matrix membrane, Matrigel, frequently corre- 
lates with their invasiveness in vivo [16]. Forty-eight-hour 
exposure to 17AAGA (80 nmol/L) significantiy inhibited the 
ability of H322 and H358 cells to migrate through Matrigel. 
This inhibitory effect of 17A.A.GA was profound in H322 
ceils, with up to a 60% reduction in the nuir.ber of cells 
invading through the membrane (109 ± 28 cells/5 HPF of 
17AAGA-treated ceDs vs'293 ± 42 ceiIs/5 HPF in untreated 
control ceHs; p < 0.001) (Fig 5). 17A,^GA inhibited the 
invasiveness of K353 cells by approximately 40% (116 ± 8 
cells/5 HFFof i7AAGA-txeated cells vs 190 ± 14 cells/5 HPF 
of control cells; p < 0.01). 
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inhibited by 1/AAGA. Results are means ± SD of three independent experiments. ' . 



Comment 

Better appreciation of the genetic and epigenetic fac-. 
tors that govern malignant transformation and metas- 
tasis may facilitate the development of more specific 
anticancer therapies. In addition to the development of 
drugs that specifically target the cell cycle machinery. 



considerable efforts have been focused on the evalua- 
tion of novel biologic or pharmacologic agents that 
suppress tumor growth or invasion by inhibiting neo- 
angiogenesis or matrix metalloprotease activity. Acti- 
vation of erbB protooncogenes profoundly disrupts cell 
cycle regulation [17], and enhances the expression of 
"pro-metastasis'' phenotypes, namely decreased E- 
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f 1^ 5, Inhibition of H322 and H358 cell invasion through Matrigel 
Exposure of csUs to BO nmol/L IJAAGAfor 4$ hours reduced their 
invasion -potential by 25% to 50% of that of normal cells. Data are 
means ± 5D; each independent experiment was done in quadrupli- 
cate rp < 0.005, < 0.05). 

cadherin expression^ increased VEGF and MMP secre- 
tion^ as well as increased invasion through Matrigel 
[8 -10]. These experimental results correlate closely 
with observations regarding c-erbB overexpression 
and aggressive clinical behavior of solid tumors [4-7]. 
These data provide the rationale for the development 
of treatment strategies specifically designed to abro- 
gate expression or function of the c-erbB signal trans- 
duction pathways. Antagonistic anti-erbBl and anti- 
erbB2 monoclonal antibodies, although not always 
effectively inhibiting tumor cell proliferation, have 
been shown to significantly up regulate E -cadherin 
expression^ diminish VEGF and MMPs secretion^ and 
reduce chemotaxis through extracellular matrix in vitro 
[10, 11]. VS^ereas these monoclonal antibodies may 
have Hmited clinical use from technical issues pertain- 
ing to delivery of macromoiecules to tumor cells, 
low-molecu3ar weight compounds such as 17AAGA 
that specifically inhibit erbB-mediated signal transduc- 
tion pathways at nanomolar concentrations are of 
particular relevance. 

In the present study,, we sought to investigate the 
ability of 17AAGA to modulate expression of E-cadheiin, 
MMP-9, and VEGF, each of which has been implicated in 
regTolation of metastatic' potential in tumor cells. The 
initial step of invasion and metastasis is the dissociation 
of cancer cells from the primary tumor mass resulting 
from aberrant expression of a variety of cell surface 
adhesion molecules, including in te grin, immunoglobu- 
lins, secretins, and cadherins; the cadherins appear to be 
critical regulators of this process ' [18]. Cadherins are 
calcium-dependent transmembrane glycoproteins that 
mediate hemophilic adhesion between cells. E-cadherin 
plays an important role in maintaining integrit)' of epi- 
thelial tissue; decreased E-cadherin expression or func- 
tion correlates with tumor de differentiation, increased 



invasiveness, and lymph node metastases in a numiber of 
human cardnomas including lung, breast, esophagus, 
and prostate [16, 13]. E-cadherin has been referred to as 
an ^'antimetastasis'' adhesion mtolecule, because the hdgh 
propensity for metastasis formation in E-cadherin- 
negative cells can be reversed by restoration of expres- 
sion of this adhesion molecule [19]. Previous studies have 
indicated an inverse relationship beh.veen erbEl activa- 
tion and E-cadherin expression in squamous cell cancers 
. of skin and esophagus, as well as breast carcinomas [11, 
. 20]. Upregulation of E-cadherin expression and inhibi- 
tion of chemotaxis has been obser\^ed in H322 cells after 
exposure to an antagonistic monoclonal antibody di- 
rected against the erbBl receptor [11]. 

MMPs are enzymes secreted by normal as well as 
cancer cells that degrade extracellular matrix and in- 
fluence cell motility, tissue implantation, and angio- 
genesis. Considerable evidence indicates that MMP 
expression is increased in cancers relative to adjacent 
normal tissue^ and levels of MMP expression correlate 
with tumor invasiveness and distant metastases [21]. 
There exist at least 10 isoforms of these proteases, each 
of which has unique substrate specificity. Secretion of 
MMPs is regulated by growth factors, some of which 
activate erbBl or erbB2 mitogenic pathways. Inhibition 
of MMP activity either by recombinant tissue inhibitor 
of MMP or pharmacologic agents such as batimastat or 
marimastat decreases tumor growth, invasion, and 
metastasis in vivo [21]. More interestingly, reduction of 
MMP levels or inhibition of MMP activity has also 
been shown to suppress angiogenesis in vitro and in 
vivo [21]. 

Tumors smaller than 1 to 2 mm in diameter can 
receive nutrients by diffusion, but continued growth of 
the lesions is predicated on neoangiogenesis, which is 
regulated by complex mechanisms mediated by a bal- 
ance between proangiogenic and antiangiogenic cyto- 
kines present simultaneously in the tumor and normal 
stromal tissues [22]. VEGF is one of the most potent 
proangiogenic cytokines, and secretion of VEGF by 
tumor cells maybe sufficient to ensure neovasculariza- 
tion. The extent of neovascularization correlates with 
aggressive chemical behavior in a variety of malignan- 
cies including breast or prostate cancers and melano- 
mas; vascular density and VEGF levels'in tumor tissue 
are significant, independent predictors of systemic 
recurrence and diminished survival in patients with 
stage I NSCLC. 

Although tumor dissemination, itself, does not re- 
quire angiogenesis, interruption of angiogenesis 
should prevent the growth of metastatic deposits [22]. 
This is the basis of antiangiogenesis therapies using 
monoclonal antibodies against circulating VEGF or 
VEGF receptors on endothelial cells. Another strategy 
to inhibit angiogenesis involves targeting oncogene or 
tumor suppressor gene mutations directly influencing 
VEGF transcription through the use of Kerceptin in 
breast cancei patients whose tumors -overexpress 
erbB2, or potentially, by restoration of p53 expression 
using gene therapy techniques [10, 23]. Our approach 
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has been to use a pharmacologic ageni: to achieve 
similar endpoints while avoiding monoclonal antibod- 
ies or cumbersonne, inefficient adenoviral vectors that 
may have limited use in clinical settings. Conceivably, 
the in vivo antiangiogenesis e^ect of 17AAGA may be 
more pronounced than anticipated on the basis of our 
in vitro data because this compound suppresses VEGF 
expression as Vv-ell as MMP-9, another potent mediator 
of neoangiogenesis. 

Migration through Matrigel depends on a cell's 
ability to detach from a multicellular aggregate, de- 
grade extracellular matrix, and undergo che mo taxis. 
The relative contribution of each of these phenotypes 
to cell invasiveness is not known. 17AAGA-mediated 
inhibition of cell invasion through Matrigel is the most 
concrete in vitro evidence of the antimetastatic activity 
of this compound. The mechanisms' responsible for 
l/AAGA-mediated upregulation of E-cadherin, as well 
as inhibition of tumor-derived VEGF and MMP-9 se- 
cretion, most likely depend on the depletion of erbB2 
or erbBl proteins and subsequent decreased mitogenic 
stimulation via erbB pathways. This notion is sup- 
ported by the fact that these effects have been observed 
in cancer cells after treatment with antagonistic mono- 
clonal antibodies against erbBl and erbB2 receptors 
[10, 11]. However, additional mechanisms unrelated to 
inhibition of erbB signal transduction may be relevant 
given the effects of 17AAGA on a variety of other cell 
cycle regulatory proteins, including Raf-1 and cyclin- 
dependent kinase 4 [13]. 

. In vivo toxicity profiles of geldanamycin and 
17AAGA have been documented in small-animal mod- 
els; renal and hepatic toxicities are dose-limiting 
events [24]. However, the nanomolar concentrations 
required to mediate the '"antimetastasis" effects are 
well below the maximal tolerable doses reported in 
animal toxicity studies [24]. Underlying mechanisms 
notwithstanding, our findings extend those pertaining 
to the antiproliferative effects of 17AAGA. These cur- 
rent data, together with our previoiis observations 
concerning the ability of 17AAGA to sensitize NSCLC 
cells to paclitaxer[25], provide impetus for the evalu- 
ation of 17AAGA in lung cancer patients. 
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DISCUSSION 

DR ROBERT J. KEENAN (Pittsburgh, PA): One of the things 
that struck me was the effect or lack of e5ect on norma] human 
bronchia] epithelium. There were at least a couple of cell lines 
that seemed to have similar erbB-1 and erbB-2 expression to the 
normals, and yet there was no eSect of your treatment on normal 
tissue. Can you comment on what the potential is for toxicity to 
normal tissues when there is expression of these genes in 
normals? 

DR NGUYEN: Thank you. I am glad you brought up that issue. 
In the two graph's that I showed where we used normal human 
bronchial epithelial cells as a normal control, I did not show the 
effect of 17AAGA. First of all, I can say that when the normal 
human bronchial epithelial cells are grown for 96 hours in vitro 
to reach confluence to mimic the normal condition in vivo, in 
which there are very few mitotic activities, treating these cells 
with 17AAGA has no effect on their viability. Treating these cells 
\v\th 17AAGA indeed does decrease the erbB-1 and erbB-2 
expression, but that does not aj£ect eel] viability: So we know 
from our experiments that this drug is not toxic to normal 
human ceils grown to conflueince in vitro. I have not tested 
normal human cells in terms of their ability to secrete MMP-9 or 
VEGF at all 

DK KEEN AN: Sometimes there is differential gene expression in 
the metastasis compared with the primary tumor. Do you have 
any data on whether or not some of -the antimetastatic effect 
might be related to those differences in gene expression and 
whether your treatment might be more or less effective because 
of that? 

DR NGUYEN: That is a very insightful question. No, I have not 
looked into all the phenotypes. That might contribute to it. Tne 
"prom etasta sis" phenot^'pes evaluated in this project are those 
that have been shown to associate with or actively play a role in 
the process of metastasis formation, but not the metastasis 
deposit itself. 



Gepencenf enhancement of pacUtaxe] toxicity in non-smail 
cell lung cancer by 17'ailylami-o 17-demethoxygel danamy- 
cin. J i horac Car dio vase Surg 1999; 115:908-15. ' " 



DR JOHN R. BENFIELD (l^os Angeles, CA): Could you tell us a 
bit more about the cell lines that you used? There is always the 
problem as to whether cultured ceil lines for lung cancer, which, 
are hard to perpetuate, do in fact represent, what happens in 
lung cancer in humans. What were the cell lines that you used? 

DR NGUYEN: The H460 is a large-cell .carcinoma, the K322 and 
H358 cells are bronchoaiveolar carcinoma, and H661 is a large- 
cell carcinoma. So they are all non-small cell lung cancer of 
dififerent subtypes. 

DR BENFIELD: And they have been perpetuated for how many 
passages? Are these well-established cell lines? 

DR NGUYEN:' Yes, these cells are well-established, available 
fromATCC ' ' . 

DR BENFIELD: Thank you. You alluded to the fact that you are 
ready now for in vivo testing of the agent; There are at least two 
ways in which you could do that preclinicaliy. There are ham- 
sters, non-small cell lung cancer models that are rather well 
established (Benfield JR, Maikinson AM, Schuller HM, Sunday 
ME. Animal models of lung cancer In: Kane MA, Bunn PA Jr., 
eds. Biology of Lung Cancer. New York: Marcel Dekker, 1998: 
247-93). The other thing that you might w^ant to consider is 
placing some of the human tumors into nude mice, and, then 
trying the agent while the nude mice are accepting the tumor. 

.DR NGUYEN: Thank you very much. 1 appreciate your 
suggestion. ' 

To be specific about what we are doing, we create either a 
tumor mass- in the flank or actually inject the H358 cells 
intravenously via lateral tail veins of nude mice to create a 
metastasis model and then treat the animals at a dififerent 
time point after tumor cell inoculation with 17AAGA. So this 
is the experiment that we are carrying out right now. 



XP002908485 

Cell. Vci. 8.S. 239-250. Apri! 'B. 1S37, Ctpyrlzhi e"597 by Ceil Press 



Crystal Structure of an HspSO-GeldanarrrycTrr — 
Complex: Targeting of a Protein Ghaperone ^ 
by an Antitumor Agent 



Charles E. Stebbins/!i Alicia A. RussoJIi 
Christine Schneider,^ Neal Rosen,^ 
F: (Jlrich Hani,? and Nikola P. PavletichT 
"Department of Biochemistry and Structural 
Biology 

Cornell University Graduate School of Medtcai 

Sciences 
New York, New York 1002T 
1" Cellular Biochemistry and Biophysics Program 
^temorial Sloan-Kettering Cancer Center 
New York, New York 1 0021 
f Cellular Biochemistry and Biophysics Program 
and Howard Hughes Medical institute 
Memorial Sioan-Kettering Cancer Center 
New York, New York T002T 
^Cell Biology and Genetics Program 
and Department of Medicine - 
tVlemoria! Sloan -Kettering Cancer Center 
New York, New York 1 0021 



Summary 

The Hsp90 chaperone is. required for the actiuation 
of several families of eukaryotic protein kinases and 
nuclear hormone receptors, many of which are prolo- 
oncogenic and play a prorninent role in cancer. The 
geidanamycin antibiotic has antiproliferative and anti- 
tumor effects, as it binds to Hsp90, inhibits the Hsp90- 
mediaied confonrtational rratiiratj on /refolding reactioa 
and results in the degradation of HspSO substrates. 
The structure of the geldanamycin-binding domain of 
Hsp90 (residues 9-232) reveals a pronounced pocket, 
15 A deep, that is highly conserved across species. 
Geidanamycin binds inside this pocket, adopting a 
compact structure simitar to that of a polypeptide 

similarity to substrate-binding sites, suggest thai the 
pocket binds a portion of the polypeptide substrate 
and participates in the conformational maturation/ 



Introduction 

Geidanamycin, and its closely related analogs herbi- 
mycin and macbecin, are naturally "occurring antitumor 
antibiotics {DeBoer et ai., 1970; Omura etal,, 197S; Ono 
etal., 1982). In the National' Cancer Institute's (NCIJ in 
vitro screen for antitumor agents, geidanamycin has 
shown potent activity, achieving 50% grovrth inhibition 
(Giso) at concentrations as low as 13 nTvl against the 
most responsive cell lines, with a mean Giso of 180 nM 
against all 60 of the tumor cell lines (Supko etal., 1995). 
Geidanamycin is. active in mouse tumor models as well 
(Sasaki et at., 1979; Ono et at,, 1982), and it has been 
selected for preclinical development as an antitumor 
agent by the NCI (Supko etaL, 1335). 

I! These authors conuibured equally to this work. 



The antitumor effects of geidanamycin iikeiy result 
from its ability to deplete cells of two broad classes of 
growth- regulatory signaling proteins: (1) p rote -onco- 
genic protein kinases, including the erbB2 (Miller et at., 
1994; Chavany et al., 1995) and EGr (Murakami et a!., 
1994) receptor tyrosine kinases, the v-src family of non- 
receptor tyrosine kinases (June et al., 1990; Xu and Lind- 
. quist, 1993; Hartson and Matts, 1994; Whitesell et al., 
1994), and the Raf-1 (Schulte et al., 1995; Schneider et 
aL, 1996) and CDK4 Ser/Thr kinases (Stepanova et aL, 
1996), whose overexpressioa or otherwise deregula- 
tion, has been" observed in diverse human cancers 
{Bouchard et al., 1989; Hunter and Pines, 1994; Tronick 
and Aaronson, 1 995); and (2) the nuclear hormone recep- 
tor family, including the estrogen and androgen hor- 
mone receptors (Smith et al., 1995; Nair et aL, 1995;' 
Whitesell and Cook, 1996), which can drive the growth 
of hormone-dependent cancers of the breast (Osborne 
et aL, 19S0) and prostate (isaacs and Coffey, 1979), 
respectively. 

Initially thought to be a nonspecific kinase inhibitor, 
gel danamyc in 's target has only recently been identified 
as the heat shock protein Hsp90 (Whitesell et aL, 1994) 
and its endoplasmic reticulum homolog GP96 (Chavany 
et aL, 1995). in eukaryotes, Hsp90 has dual chaperone 
functions participating both in the conformational matu- 
ration of the nuclear hormone receptors and the afore- 
mentioned protein kinases, and in the cellular stress 
response (Bohen and Yamamoto, 1994; Jakob and 
Buchner, 1994; Pratt and Welsh, 1994). These two pro- 
cesses are likely to have in common the ability of Hsp90, 
in cooperation with Hsp70 and other factors, to prevent 
protein aggregation and mediate the ATP^dependent 
refolding of heat-denatured proteins in vitro and in vivo 
(Freeman and Morimoto, 1996; Schneider et aL, 1996), 
The best-studied Hsp90-mediated conformational 
matursticn is thst cf the nuc!e3r hcrmone r^^i^oTAr/^rc 
which require the Hsp90 system in order to acquire or 
maintain a state competent to bind hormone (Bre snick 
et aL, 1989; Picard et aL, 1990; Nathan and Lindquist, 
1995). In this .ATP-depende.nt reaction, an initial hor- 
mone receptor complex that contains Hsp90, Hsp7G, 
and at least two cochaperones, p50 and Hip (p48), is in 
equilibrium with a complex in which the receptor is in 
a metastable, nearly mature state competent to bind 
hormone (Smith et aL, 1995; Dittmar et aL, 1996). This 
nearly mature complex lacks Hsp70, p60, and Hip, but 
contains two .nevv proteins, p23 and one of the three 
large immunophilins, FKBP52, FKBP54, or CyP40 (Smith 
■ et aL, 1995; Dittmar et aL, 1995). Upon hormone binding, 
the receptor is released as an active transcription factor 
(Smith et aL, 1995; Dittmar etaL, 1996). Treatment with 
geidanamycin appears to block the conversion to the 
nearly mature complex, preventing hormone bindirig 
and activation, and results in the degradation of the 
hormone receptor {Whitesell and Cook, 1995). 

The requirement for Hsp90 in the activation of the 
aforementioned protein kinases has been demonstrated 
both genetically (Xu and Lindquist, 1993; Aligue et at., 
1994; Nathan and Lindqutst 1995) and biochemically 
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Figure'. Geicanarnycin Binds the rvS-Term;- 
nai SLTuciural Domain of Hsp30 
{A) The three stnjcturai domains of Hsp90, 
identified by proteolnic digestion, are indi- 
cated, together with their percent identity in 
the E, coii homolog. The oligomerization ac- 
tivity at the C-termlnal ponion has been de- 
scribed {Wearsch and Nicchirts, 1 996). The 
digestion of residues "1-9 is consistent with 
this region being absent from most Hsp90 
sequences except mammaiian ones. To iden- 
tify the geldanamycin-binding domain, the 
purified structural domains, at 1 jrM, were incu- 
bated with 2.0 jlM geldanamydn (GiBCO-BRL) 
each; the free drug was then separated on a 
gel filtration column, monitoring absorption at 
280 nm. and'the protein peaks {the C -terminal 
domain absorbed weakly at 280 nm for lack 
of tryptophans) were analyzed for the pres- 
ence of geldanamycin by reverse-phase 
HPLC, with monitoring at 3T0 nm. The gel 
filtration protein peak of the N-terminal do- 
main was the only one that contained gelda- 
namyctn; the molar ratio was determined to 
be approximately 1:1 based on UV absorp- 
tion. The composition of the two secondary 
geidanamycin peaks observed in the re- 
versed, phase chromatography is not clear, 
but they could also be produced by the addi- 
tion of dithiothrettol inthe abscnceof f>rotein. 
Geidanamycin is abbreviated as GDM.. 



(B) Stereo view of the geidanamycin 2Fo-Fc 
electron density before any geidanamycin 
atoms were built into the Hsp90 model. The 
map was calculated at 2.0 A and contoured 
at 1.0 Sigma; also shown ts the refjned gei- 
danamycin model in a ball-and- stick repre- 
sentation. 



{Hartson and Matts, 1994; Chavany et'al,, 1996; Stepa- 
nova etal., 1995). Thts reaction is notas well understood, 
but it appears to involve a subset of the molecules found 
in the complexes with hormone receptors, as weW as a 
protein kinase-specific cof actor, p50^^" (whiteiaw et 
al., 1991; Stancatoetal., 1993; Cutforth and Rubin, 1994; 
Stepanova etal., 1996). For some of these kinases, such 
as Raf-1 , Hsp90 association is a prerequisite for their 
trafficking to the plasma membrane (Schuite etaL, 1995); 
for orhfirs, the mechanisnn of Hsp90-mediated activation 
is not yeX understood. Again, geidanamycin interferes 
with Hsp90 function and induces the rapid degradation 
of these kinases by the proteosome system (Murakami 
et al., 1994; Schuite et aL, 1995; Schneider et al., 1996; 
Stepanova etaL, 1996). " 

in addition to its roie in the conformational maturation 
of signal trartsducti on motecuies, the eukaryotic HspSO 
system participates in the refolding of certain thermaliy 
denatured poiypepttdes during the recovery of cells 
from heat stress (Borkovich et aL, 1339}. Using firefiy 
Juciferase as a model substrate, it was demonstrated 
that Hsp90 cooperates in this process with Hsp70, 
Hsp40 (a DnaJ homoiog), p50, Hip; and p23 (Schu- 
macher et al,, 1994; Schneider et al., 1995). Thus, the 
HspBO complexes formed with the thermally denatured 
poJypeptide resemble those of hormone receptors and 
protein kinases. Geidanamycin inhibits the Hsp90-medi- 
ated refolding of iucif erase, both in vitro and in vivo, and. 



as a result, iuciferase is retained in the Hsp90 complex in 
an unfolded, degradation- sensitive state (Schneider et 
aL, 1995). This shifts the balance from refolding to the 
proteolytic degradation of the protein (Schneider et al„ 
1995). Such a mechanisrn might also explain riov\r, under 
nonstress conditions, geidanamycin and its homologs 
cause the degradation of the signaling molecules. 

To obtain insights into the function of Hsp90 in these 
conformational matunation/refoiding processes and its 
inhibition ipy geidanamycin, we identified the geldana- 
mycin-binding domain of Hsp90 (henceforth Hsp90- 
GBD), and we determined the crystal structures of this 
domain and of its complex with' geidanamycin. , 

Results and Discussion 

iSGlation of the Gsldanamycin-Binding 
Domain of HspSO 

To facilitate the structural study of the geidanamycin- 
Hsp90 interaction, we first used proteo!>'tic digesticn 
and determined that the bovine Hsp90 contains three 
structural domains (Figure lA}:an N-terminal domain of 
approximately 25 kDa, a middle domain of approximately 
35 kDa, and a C-terminal domain of approximately 10 
kDa. We then assayed the three corresponding recombi- 
nant domains of human Hsp90 for geidanamycin binding 
using gei filtration chromatography to remove excess 
drug and reverse-phase HPLC to detectthe bound drug, 
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Table 1. Summar)' of Crysialtographic Analysis 
Dirfraciion Data and MiR Analysis 



Native! 
Waiive2 
ti ative3 
GDM Compiex 
KjAuCl< 

K,Pi&h ■ 
Srn(OAc)j 



. Cr^'Stal 
Descnption 



Resolution (A) 



Unique - 
Reflections 



Measured 
Reflections 



Coverage 



Phasing 
Power 



1222 (10"C)- 
1222 (-160") 
P2,~t^g {~160'C) 
P2i (-ISO'C) 

1222 0 crc) 
1222 ocrc) 

1222 (TCrC) 
1222 (1 CO 



2.30 
1.65 
2.20 
1.90 
2.50 
3.20 
3.20 
3-20 



13532 


43812 


98.0 


4.4 








3451 6 


361958 


98.2 


3-8 








11381 


51794 


97.7 


3.5 








15905 


85335 


92.2 


2.5 








10254 


49642 


94-5 


5.7 ■ 


17 


2.43 


0-54 


4713 


20129 


91 .S 


5.8 


28 


1.07 


0.S3 


4B31 


25025 


93.1 


4.7 


22 


0.75 


0.90 


4442 


16281 


85-0 


7-1 


30 


C.65 


0.92 



Refinement and Analysis of Atomic Models 



Crystal 



Resoluiion (A) 



Reflections 
{\R> 2tr) 



Atoms Modeled 
{Protein, Water) 



R„^/R..„{%,%) 



rms Deviations (Boncte [A], 
Angles H, B Factor [A^) 



Mativel 
Native2 
N3iive3 
GDM Complex 



7.0-2-30 
6.0-1 .65 
7.0-2.20 
6.0-1 .90 



12445 
32524 
10845 
16080 



1626, 
.1S26, 
1679, 
1679, 



96 
335 
246 
288 



16.9. 25.2 

19.4. 24.4 

18.9, — 

18.9, ~ 



0.012, 
0.007. 
0.010. 
0.O09. 



1.7. 
1.6. 

1.8, 



3-2 
3.3 
3-2 
3-2 



coverage is the percentaae measured of the total reHections theoretically odservabie. R.,„ = 1.1.- - W / X^, where / .s the mean 
inteSitfcf the / ^se.'^.atrc.s of the unicjue reflection = I t F.. - F.l / W. where F. and are the nat.ve and denvata-e sm^aure 
aramplitudes. respectively. Phasing^ower = JF.,^^ / (F.^., - F.,..)^-. where F... and F...^ are th observed and ca c^^^^^^^^^ 
denvatrve structure factors, respectively. R. £llF^ ± F,i - F,,^i /XlFp. ± F^. for centr.c reflect, ons only, where Fk,-, tsthe c^l-u ated 
heavy atom structure factor. F.gure of mer. = <1 P(a) expM J X P(.)>. where P(.) is the probability d'^lbutK^n ^-f; P^^^^ 
n^odlted discounts hydrogen atoms. R = XlF, - F„.l / XF, where F.. is the calculated prote.n str^ture factor from the -'^^^^^^^f 
^ the R factor calcuLed using 10% of\he reflection data chosen randomly and omiaed from the reHnement process, whereas R .s 
iLl^late!^ wi^h the remaining data used in the refinement rms. bond lengths and angles are the deviations from ".deal val.es; the rms devat.n 
in B factors is calculated between covaiently bonded atoms. ^ , _ 



and determined that the N-terminal domain, which has 
the highest sequence consen/ation among the three 
domains, binds geldanamycin at an approximately one 
molar ratio (Figure 1 A), 

In crystallization experiments, the geldanamycin^ 
binding domain of human Hsp90 (Hsp90-GBD, residues 
9-236) produced two distinct crystal forms in which the 
structure differs by a local conformational change. The 
geldanamycin-Hsp90-GBD compiex crystallized in only 
one of the two forms. The two apo-Hsp90-GBD struc- 
tures have been determined at T 65 and 2.2 A resolution, 
respectively, and the structure of the geldanamycin 
complex atT9 A resolution [Table 1, Figure IB). 

Overall Structure of the 
Geldanamycin-Hsp90-GBD Complex 
The Hsp90-GBD has nine helices and an antiparaltel ^ 
sheet of eight strands that together fold into an cc+S 
sandwich (Figures 2A-2D]. One face of the f3 sheet is 
hydrophobic and packs against a layer of five helices; 
four of these helices (HI, K2, H4, and H9) pack flatly 
against the G sheet, with thetr axes parallel to the B 
strands, while 1-17 packs against the ^ she;et ats steeper, 
almost perper.dicularangle. The structure has a second 
layer of helices that pack on the first layer (H5 and HS), 
and two smaller helices (H3 and H8) at the periphery of 
the sandwich (Figures 2A-2D). It is notewomhy that four 
of the nine helices are of the 3,0 type and comprise 
11.2% of the amino acids, which is significantly higher 
than the 3.4% average in the protein database (Barlow 
and Thornton, T9S8). At its center, the helical face of 
the sandwich has a wide opening that extends into the 



hydrophobic core of the structure and results in a pro- 
nounced pocket, about 15 A deep (Figures 2B-2D). The 
pocket has the 3 sheet as its base and three helices 
and a loop as its v/alls, and contains residues highly 
conser\'ed across species (Figure 3). The helical face of 
the sandwich also has a surface groove that leads into 
the pocket. 

In the complex, the 550 Da geldanamycin adopts a 
compact conformation and binds inside the pocket, fill- 
ing ail but its deepest portion (Figures 2A-ZE). ihe 
benzoquinone group of geldanamycin binds near the 
entrance of the pocket, whereas the ansamycin ring, 
having dimensions similar to those of a five amino acid 
polypeptide in a turn conformation, inserts into the 
pocket. There is extensive, though not complete, sur- 
face complementarity between geldanamycin and the 
pocket and this allows for a high density of van der 
Waals contacts. Although hydrogen bond contacts are 
fewer, there being only five of them, one pair from the 
geldanamycin carbamate group (Figure 2£) can be rea- 
sonably described as one of the most important intermo- 
lecular interactions in the complex. 

The entrance and width of the pocket are fikely regu- 
lated by a conformational change, as evrdencea by 
structural and positional changes in three heiices and 
a loop in the two different apo-Hsp90-GBD crystal forms 
(Table 1). One of the conformations, which is essen- 
tially identical to that observed in the crystals of the 
geldanamycin-Hsp90-G3D complex, has a wide enough 
entrance to allow geldanamycin binding, i he other con- 
formation has a narrower entrance, and it would be 
incompatible v.'ith geldanamycin binding. 
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Figure Z The Hsp96-GBD Is an ct+p Sandwich with a Deep, Conserved Pocket where Geldartamyc'm Binds 

(A-CJ Tiiree approximately' orthogonal views of the complex. Geldanamycin atoms are colored yellow for carbon, red for oxygen, and blue 
for niirogten. in (A), aii secondary struciufs eteiiienrs are iabeied, whereas in (B) and (O, only those uiscussed in tlie text ste ' ' ' ' ' 
Inrsageswere prepared with the programs MOLSCRIPT {Kraulis, 1S91) and RASTER3D (Merrit and Murphy, 1994). 

(D) Stereo view of the Ca trace of the complex; with every IDth residue numbered and its Ca atom highlighted as a sphere. 

(E) Chemical structure of geldanamycin. 



Archil&cture and Properties of the 
Geidanamycin-Binding Pocket 

The pocket can be described as a fiat-bottomed cone: 
it is about 15 A deep, T 2 A in diameter near its entrance, 
S A midway down, and wide enough at the bottom to 
hoid three water molecules (Figure 4A). The bottom of 
the pocket is formed by the central portion of theantipar- 
a\\e\ ^ sheet (strands S3, S4, and S7), and the walls by 
the H2, H4, and H7 helices and the LI loop (Figure '31. 
The pocket is deepest by the H7 hsiix, which packs at 
an almost perpendrcuiar angle to the 3 sheet bottom, 
and is shallowest by the LT loop. The pocket is of mixed- 
hydro phobic and polar character, with roughly half of 
the 17 amino acids lining its interior being hydrophobic, 
a quarter polar, and a quarter charged (these residues 
are LeiJ48, Asnol, Asp54, Ala55, Lys58, iieSI, Asp93, 
tle96, GIy97, Met98, AsnlOS, LeulO?, LyslIZ, Glyl35, 
Phel38, Vail 50, Thn84, and Vail 86; Figure 3). Although 
the pocket becomes increasingly hydrophobic toward 
the bottom, it retains one chargec- a id one polar residue 



at its deepest portion (A5p93 and Thr184 from the (3 
sheet). ■ 

The Hsp90-GBD domain is highly consen/ed across 
species, with 43% of its residues identical in the Esche- 
richia coli Hsp90 homoiog. The structure reveals that 
the conserved residues are not distributed homoge- 
neously on the structure, but instead show a striking 
tendency to cluster in and around the pocket, with 82% 
of the residues fining the interior of the pocket being 
invariant from E. coii to humans (Figures 3 and 45). This 
identifies the pocket as holding the key to understanding 
the function of this domain. Of particular interest is 
Aspfi3, bec3 use it is at the pocket bottom in an othenvi se 
mostly hydrophobic environment, and because it is con- 
served in all known Hsp90 homologs from 35 species. 

Supporting a functional significance for this pocket 
are mutations in the yeast homolog of Hsp90 (Hsp82) 
that result in either temperature-sensitive or reduced 
activity phenot>'pes(3ohen and Yamamoto, 1923; Sulli- 
van and Toa, 19S3; Kimura et ak, 1994; Tslathan and 
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Figure 2. Atignmem of HspSO-GBD Sequences from Several Diverse Species 

Secondary structure elements for the P2.y (open) form are indicated above the sequence together with the changes observed in the 1222 
{closed} form. Invariant residues are highlighted in yellow, residues that rnaKe up the pocket are underlined in red. and residues that make 
up the surface groove are underlined in blue. Residue solvent accessibilities are indicated with circles (open, half-closed, or closed). The 
dagger symbol indicates 3„ heiices. 



Lindquist, 1995), as well as a mutation in the Drosophiia 
Hsp90 (Hsp83) that impairs signaling by the Seveniess 
receptor tyrosine kinase (Cutforth and Rubin, T994), 



These mutations map either in the pocket (AlaSSVal, 
Giy95Ser, Gly183AspJ or in the immediate vicinity of the 
pocket (Thr36Asa SerSOLeu, AlaniThV, Thrl fSIIe), and 




Figure 4. The Hsp30-GBD Has s Ccnsen-ed Pocket T^.st Is 15 A Deep 

(A) A ihir. siice of the Hsp90-GSD molecular scrface, depicted ss a v/hite net, stressing the pecks: dimsnsions. Red indicates surfsca portions 
with a negative electrostatic potential, and blue those with a positive potential. The pockei is mostly polar at its entrance {Lys58 and LysllZ 
are shown), and It becomes predominantly hydrophobic near the bottom, except for Asp93. The approximate locatiorrs of the fS sheet and of 
the H7 heiix are indicated; the H2 helix would be approximately above the plane of the figure, whereas the H4 helix v^oold be below. This 
image v^as prepared v^rth the program GRASP (Micholls et a!.. 1991). 

(B) Yellow highlights the positions of residues invariant in the E coii HspSD homoiog; magenta highlights residues, shown in space filling 
repraser.taticn, where either temperature -sensitive or inactivating irju is ticns map. 

(C) Surface representation indicating the pocket and groove. Also indicated, in yeliov;, are several patches of exposed hydrophobic amino 
acids in the viclnit;' o' the pocket and groove. These hydrophobic residues are: Phe2"L3tD the right of the groove in this view; AlaTi7, Ala 121, 
AiEl24, Ais726, Metl30, and Phel34 to the left of the groove; and Phe20, Iie104, Ala It 1. and lie! 12 to the teft of the pocket (prepared with 
the program GRASP). 
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Figure 5. A Conformational Change Alters the Size and AccessFbiitty 
of the Pocket in thg Absence of Geldanamycin 
The secondary structural elements that undergo positional and con- 
fonnational ctianges are shown in red for the 1222 (closed) and in 
cyan for the P2, (open) apo-Hsp90-GBD crystal forms. Geldana- 
mycin. in space-nning representation, is superimposed on the figure 
to stress the effects thai the conformattonai change has on the 
pocket size. 



the structure suggests that most of these mutations 
would disrupt the structural integrity of the pocket (Fig- 
ures 3 and AS). 

Leading to the pocket, there is a surface groove 
formed by the H6 and H9 helices on the sides, and the 
H2 helix at its bottom (Figure 4C). »ts shape is not as 
pronounced as the pocket, being sh3ilc^v.^er (about 7-8 
A), broader (about 15 A), and mostly poJar. This groove 
is conserved, although not as well as the pocket, with 
73% of the residues lining its concave surface identical 
in the coiihomolQg (these residues are AsnAO, G!"42 
Iie43, Arg46, Glu47, SerSO, Sern29, Gln133, His210,' 
Ser2T1, and lle2T4; Figure 3). Since many of these resf- 
dues are potar or charged, without any significant roles 
in the structural integrity of this domain, their conserva- 
tion suggests that the groove may participate in intermo- 
lecuiar interactions important for Hsp90 function. 

Conformational Change Afters the Size 
and AccessibiFity of the Pocket 

An approximately 35 amino acid region of the HspSO- 
GBD structure, consisting of the H4-L2-H5-H6 secondary 
structure elements (residues T 00-134], has two different 
conformations, in the two different Apo-Hsp90-GBD 
crystal forms (Table 1, Figures 3 and 5). We have termed " 
these the "open" and "closed" conformations because 
they result in different pocket size and accessibility, 
with only the open conformation being compatible with 
geldanamycin binding. 
At the center of the open-to-closed conformational 



change is a dispiacementof the L2 loop into the pocket 
by more than 9 A (Ca-Ca distance), whereupon the L2 
loop replaces the H4 helix as one of the pocket walls. 
The motion of the L2 loop is facilitated by portions of 
the ^^4 and H5 helices undergoing helix-to-coil and coil- 
to-helix transitions, respectively (Figures 3 and 5). The 
H4 and H5 helices also are displaced, by up to 6 A. The 
functional consequence of this conformational change 
is that the L2 loop acts as a gate that constricts the 
pocket entrance from a width of 12 A to 8 A (Figure 5). 

These two alternate confonmations have clear elec- 
tron density in their respective crystal forms and are 
associated with well-packed side chain arrangements 
(Figure 3). It is conceivable that this conformational 
change in vitro may mimic a process that occurs in vivo 
and may be involved in the regulation or functioning of 
the pocket. Supporting an in vivo role for the closed 
"conformation is the Alain Thr mutation on the L2 loop 
that results in a temperature-sensitive, phenotype in 
yeast (Kimura et aL. 1994). This mutation would disrupt 
the closed conformation structure where AlaT 1 1 is fully 
buried and participates in the hydrophobic packing of 
the loop, but not the open conformation structure where 
Aiam is fully solvent exposed with no apparent struc- 
ture-stabilizing role. 

Structure of Geldanamycin 

Geldanamycin consists of a closed ansa ring with a 
planar benzoquinone embedded in it {Figure 2E). The 
ansa rrng is stericalty hindered because (1) its backbone 
consists of a planar amide and three carbon-carbon 
double bonds (two of them arranged in a 1,3 diene), and 
. (2) of its sixteen backbone atorris, nine carry nonhydro- 
gen substituents: a carbonyl, a carbamate (-0C(0)NH2), 
a hydroxy!, two methoxy, and four methyl groups (Figure 
2E). 

HspSO-bound geldanamycin is highly compact and 
internally well packed (overall dimensions of about 9 X 
9 X 9 A). Its ansa ring is folded over the benzoquinone, 
forming a C-clamp-Iike structure, with the benzoquinone 
forming the top of the (C) and the ansa ring forming the 
stem and bottom of the (C) (Figure 6A). Two of the methyl 
groups from the ansa ring are centrally positioned to 
maximize intramolecular van der Waais contacts; the 
C25 methyl group from the tip of the ansa ring packs 
with the benzoquinone, thus bridging the top and bot- 
tom halves of the (C), and the C2B methyl group packs 
With the diene carbon atoms, bridging the two sides of 
the ansa ring (Figure 6A): 

This compact conformation differs from those ob- 
served with free geldanamycin (Rinehart and Shield, 
1975)orherbimycin (Furusakietat., 1380), which cr^'stal- 
iize from organic solvents in significantly more open, 
^ extended conformations. The differences are likely due, 
in part, to the loss of coplanarity between the amide 
group and the benzoquinone in Hsp90-bound geldana- 
mycin, as well as to the differences in the crystallization 
solvents. 

Geldanamycir>-Hsp90 Contacts 

The tip of the geldanamycin ansa ring (bottom of fC]), 
which has the carbamate, C23 methoxy, and 025 and 
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Hgure 6. HspSO-Bound Geldanamyctn Adopts a Compact Conformation Reminiscent of the Letter (C) and Binds HspSO by Insertinq the Tio 
of Its Ansa Ring inside the Pocket 

(A) Diagram or the bound geldanamyctn conformation summarizing the hydrogen bond (doued iines) and van der Waais (arrows) contacts it 
makes with Hsp9D residues, colored brown. The oxygen atoms oF geldanamycin are shown in red, nitrogen atoms in blue, and methyl groups 
&S ticsed circles; the remaining carbon atoms are not expiictiiy shown. 

(B) Stereo view of the geldanamycin-Hsp90-GBD interactions. Geldanamycin is colored as in Figure 2A. and Hsp90 residues that make up 
the pocket are colored magenta. Hydrogen bonds are indicated by green dotted iines. and the water molecule that bridges the geldanamycin 

• carbamate group with Asp93 is shown as a red sphere. 

(C) Geldanamycin, in space-HIIing representation, adopts a structure that is, overall, complementary to the pocket, shown as a blue molecular 
surface neL Although the frt is extensive, there remains a buried cavity at the interface with three trapped water molecules in it {colored 
magenta), whife a fourth water molecule hydrogen bonds with the carbamate grcup and Asp93. The reduced complementarity near the pocket 
entrance rs evident as gaps between the geldanamycin atoms and the Hsp90-GBD surface. Orientation is similar to that of Figure 4A 



C26 methyl group substituents, binds near the bottom 
of the Hsp90 pockst and makes a high dsnsitv of van 
der Waals contacts, whereas the benzoquinone (top of 
[Cj) IS positioned near the entrance of the pocket and 
makes only a few contacts (Rgures 6A and 6B). There 
is extensive surface compierrientarity between the com- 
pact geldanamycin structure and the pocket, as attested 
by the fact that a remarkable 85% of the surface area 
of geldanamycin is buried in the complex (609 out of 
719 A^. , ' ■ 

The most critical portion of the interface is iikeiy to 
be a hydrogen bond network between the geldanamycin 
carbamate group and the Asp93 side chain from Hsp90, 
which are buried at the pocket bottom in an otherwise 



mostly hydrophobic environment. The carbamate amino 
group makes a hydrogen bond to one of the AspS3 
side chain oxygen atoms, and its carbonyl oxygen atom 
makes a water-bridged hydrogen bond with the other 
A5p93 side chain oxygen atom (Figures 6A and 6B). The 
Aspes side chain, which has. an identical conformation 
in the Apo-Hsp90 structures, also hydrogen bonds to 
the Ser52 OH and the backbone amide of residue 95. 
This hydrogen bond network is buried about 10 A away 
from the nearest solvent surface, and the low dielectric 
constant of this environment would signrficantiy in- 
crease- tne coiilornbic attraction due to the partial 
charges. The importance of this hydrogen-bond network 
is supported by structure activity studies demonstrating 



that the removal of the carbamate group, or the attach- 
ment of additional atoms to it, compieteiy abolished 
geidanamyctn activity (Schnur et al., 1995b). 

At the tip of the ansa ring, the carbamate group con- 
tact is fianked by the C23 methoxy and C25 and C26 
methyl groups making high density van der Waals con- 
tacts with the bottom and sides of the pocket {Figures 
6A and 63). Although the surface complementarity at 
the pocket bottom is extensive, there remains a buried 
cavity filled with three water molecules near the C23 
methoxy and the" carbamate groups (Figure 6C). It is 
conceivable that the cellular substrates of Hsp90 can 
fill this cavity as we!L Modifications to this portion of 
geldanamycin, for example by adding to the C23 posi- 
tion a group of 4-6 nonhydrogen atoms, could increase 
the stericand hydrogen bond complementarity and may 
yield derivatives with increased affinity for HspSO. 

Halfway between the pocket bottom and the surface, 
the widening of the pocket causes a decrease in the 
complementarity and contact density, although the fit 
is stil! adequate to exclude, bulk solvent (Figure 6C). In 
th:s region, the diene and the C27 methoxy groups make 
van der Waals contacts, and, the 05 hydroxyl group 
makes a hydrogen bond contact with Lys56 (Figures 6A 
and 6B). As we get closer to the surface, the contact 
density decreases further. In this region, the C28 methyl 
group appears to be in an overall unfavorable environ- 
ment, being within van der Waals contact distance to a 
backbone carbony! oxygen atoni and a partially buried 
water molecule (Figures 6A and 6B). The loose fit in this 
region, both sterically and electrostatically, points to a 
potential for a significant improvement of the affinity of 
geldanamycin for Hsp90 (Rgure 6C). 

At the pocket entrance, the carbonyl oxygen atom of 
the ansa ring makes a hydrogen bond to a backbone 
amide (Phel38} at the W-terminal portion of the H7 helix 
(Figures 6A and 6B). The benzoquinone, which is at the 
pocket entrance with one face solvent-exposed, makes 
only a few contacts, and these are primarily soivent- 
sxposSu hydrcgsn bonds rrtads to lony lysine chsinsi 
one of the benzoquinone oxygen atoms hydrogen bonds 
with LysnZ, and the C29 methoxy group oxygen atom 
makes a long-distance (3.5 A) hydrogen bond with 
Lys55. " 

Geldanamycin Derivatives 

Among the naturally occurring homologs, geldanamycin 
is the most potent. Compared to herbimycin, for exam- 
pie, geldanamycin- is more potent by s factor of about 
four in achieving a 50% reduction (ICsaJ of erbB-2 kinase 
activity in human SKBr3 breast cancer cells (Miller et 
aL, 1994). The structure suggests that this may be due 
to the hydrogen bond that the C29 methoxy oxygen 
atom of geldanamycin makes with Lys58, because her- 
bimycin does not have the C29 methoxy group. 

Among the published synthetic derivatives (Schnur et 
al„ 1995a, 1995b), the highest potency, reflecting an 
improvement in the ICso of a factor of 4-5, was achieved 
by an' amino group substitution at the C17 position of 
the benzoquinone (Schnuretal., 1995a]. It was proposed 
that this and several related substitutions at the C1 7 
position improved cellular activity indirectly, by stabiliz- 
ing the quinone form over the reduced hydroquinone 



[Schnur et a]., 1995a). The structure supports this hy- 
pothesis, as this position is highly solvent exposed in the 
complex and is a poor candidate for additional Hsp90 
contacts. 

Overall, however, most modifications decreased or. 
eliminated activity (Schnur et ai., 1995a, 1995b]. The 
maintenance of the carbamate group and of the closed, 
cyclic nature of the ansa ring proved necessary for activ- 
ity (Schnur et al., 1995b], consistent with the extended 
hydrogen bond network that the carbamate group 
makes and with the importance of a closed cyclic ring 
in limiting conformational flexibility, respectively. Modifi- 
cations at other positions either had little effect or re- 
duced the activity of geldanamycin in line v;/ith space 
considerations revealed by the crystal structure. For 
example, additions of small groups to the amide nitrogen 
and to the C19 position of the benzoquinone, which are 
juxtaposed in a partially solvent-exposed region of the 
complex, were tolerated (Schnur et al., 1995a, 1995b), 
whereas bulky substituents at these positions reduced 
or eliminated activity (Schnur et al., 1995b). 

Cur crystal structure suggests modifications, such ss 
those at the C23 methoxy and C22 methyl groups dis- 
cussed earlier, that could improve the stericand hydro- 
gen bond complementarity between geldanamycin and 
Hsp90 and could thus provide analogs with increased 
Hsp90 affinity (a total synthesis of geldanamycin has 
recently been reported [Miller, 1995]). In addition, by 
identifying which modifications are compatible with 
Hsp9D binding, the structure should also help with the 
improvement of geldanamycin 's low plasma half-life 
(Supko et aL, 1995) and other pharmacological proper- 
ties as well. 



fm plications for Understanding 
Ksp30 Function 

The pocket is best considered as a substrate-binding 
site, for there are extensive similarities between the 

lent chemistry is implied by the similarities. We note that* 
(1) the pocket has adequate space and hydrophobic 
content, and is adequately shielded from bulk solvent 
to tightly bind substrates of a fevv hundred daStans; {2} 
there is a nonuniform electrostatic distribution resulting 
from an aspartic acid at the otherwise hydrophobic bot- 
tom of the pocket; (3) the shape and size of the pocket 
entrance is iikely to be regulated by a conforniational 
change; (4) the geldanamycin-binding domain of Hsp90 
is the best conserved among its three structural do- 
mains, and within this domain, the conserved residues 
cluster in and around the pocket; (5) mutations that 
inactivate Hsp90 map in and around the pocket; and, 
finally, (5) the geldanamycin inhibitor of Hsp90 function 
binds inside this pocket 

Assuming that the Hsp90 pocket ts a substrate binding 
site, it can then directly follow that its substrate rs the 
protein, or more precisely, a segment of the protein, 
whose conformational maturation/refolding is mediated 
by the Hsp90 chaperone system. This pocket-polypep- 
tide association is likely to occur as a (ate step in the 
reaction pathway because Hsp70, which is present in 
ail of the early Hsp90 complexes (Smith, 1993; Smith et 
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aL, 1995; Dittnnar etal., 1995; Johnson et al., 1S35], can 
bind unfolded proteins (Fiynn et aL, 1991; 2hu et aL, 
1995) and is thus the likely initial recruiter of the unfolded 
polypeptide to the Hsp90 complex. That a polypeptide 
portion is the substrate for the pocket is supported by 
the ability of the endoplasmic reticulum homolog, GP96, 
to associate with a specific viral peptide, though it is 
not yet known with which domain of GP96 this peptide 
is associated (Nieland et aL, 1995). 

Further support is provided by the general similarities 
between the geldanamycin ansa ring and a peptide, A 
five amino acid polypeptide in a turn conformation could 
closely trace the geldanamycin ansa ring backbone, with 
its amino acid side chains broadly corresponding to the 
carbamate, methyl, and methoxy groups of geldana- 
mycin (Figure 7). Furthermore, and intended only as an 
example, steric and hydrogen bond compiementarity 
considerations suggest that a tryptophan amino acid 
could be accommodated at the polypeptide position 
corresponding to that of the geldanamycin carbamate 
group (Figure 7). The tryptophan indole amino group 
could donate a hydrogen bond to Asp93, in a manner 
analogous to that of the carbamate amino group, per- 
haps explaining why Asp93 is conserved, and the hy- 
drophobic portion of the tryptophan could fill the buried 
cavity that is now occupied" by water molecules in the 
geldanamycin complex (Figure 7). In this i^egion, back- 
bone amide groups, as well as other hydrogen bond 
donor amino acids, could also satisfy the hydrogen bond 
potential of A.sp93, although they may not have as- good 
of a fit as a tryptophan in the buried cavity. 

It is conceivable that the pocket binds a family of 
related polypeptide sequences, and this could explain 
the conservation of the pocket residues, because a large 
family of peptide sequences, m contrast to a single se- 
quence, could not coevolve with amino acid changes 
in the pocket. This has precedence in the Hsp70 chaper- 
one, which has a peptide-binding channel highly con- 
served between E, coli and humans (Zhu et al., 199S), 
and binds unfoided proteins by interacting Vvith seven- 
residue segments, having exposed hydrophobic amino 
acids at their central positions (Flynn et al., 1991; Zhu 
et aL, 1996], 

A modei in which the poiypeptlde substrate binds in 
the pocket along the reaction pathway would be sup- 
ported by the observation that geldanamycin causes the 
dissociation of the v-src-Hsp90 complex in transformed 
cells (Whitesell etaK, 1994). Also consistent are observa- 
tions from the in vitro conformational maturation of the 
steroid receptors, in this reaction, a transient complex 
of the receptor that includes HspSO, Hsp70, and several 
other cofactors is in equilibrium with the hormone- 
responsive state of the receptor, which is bound to 
hlspOO, p23, and an immunophilin (Smith et aL, 1995; . 
Dittmar et aL, 1996; Nair et aL, 1996). Geldanamycin 
blocks the fomnation of the latter complex, consistent 
with receptor-pocket interactions being required to ei- 
ther arrive at or to maintain the hormone-responsive 
state of the receptor (Smith et aL, 1995; Nair et aL, 
1995). In principle, the interruption of this reaction by 
geldanamycin can be interpreted in other ways, for ex- 
ample, to mean that geldanamycin directly competes 
witri p23 (Smith et aL, 19S5) binding to the pocket This 




Figure 7. The Geldanamycin Ansa Ring Adopts a Structure Reminis- 
cent oF a Pentapeptide in a Turn Conformation 
Geldanamycin and Asp93 of Hsp90 are in yellow, the buried water 
molecules at the geldanamycin-Hsp90-GBD interface are in ma- 
genta, and the modeled polypeptide is in cyan. Red and blue indicate 
oxyg&n and nitrogen atoms, respectively, A tryptophan at the pep- 
tide position corresponding to that of the carbamate group in gel- 
danamycin could donate a hydrogen bond to Asp93 of Hsp90 and 
aiso pack in the hydrophobic cavity now occupied by the three 
water molecules. Backbone amide groups and several other amino 
acids could also hydrogen bond to Asp93, but their fit in the pocket 
would not be as good as that of a Trp. 



is possible; however, we note that: (1) it is unlikely that 
such an unusual pocket would have evolved to bind a 
protein cofactor; (2) pZ3 and the pocket could have 
coevolved resulting in far lesser sequence conservation 
at the pocket; and (3) E. coli and lower euKaryotes do 
not seem to have p23, at least not one that (s as con- 
served as the HspSO-GBD. 

On the other hand, the isolation of complexes of heat- 
denatured luciferase and of Raf with Hsp90 in the pres- 
ence of geldanamycin (Schneider et aL, 1996) at first 
appears to be inconsistent with the pocket binding these 
substrates. It is conceivable, however, that Hsp90 con- 
tains additional polypeptide-interacting sites that are 
not blocked by geldanamycin and that act at an earlier 
stage. These additional sites can be either within its 
geldanamycin-binding domain (for example, the con- 
served surface groove) or in the rest of the 732 residue 
protein. Alternatively, the observed association of gel- 
danamycin-bound Hsp90 with the protein substrate may 
be indirect, since these complexes contain several other 
protein cofactors, such as Hsp70, which may contribute 
to polypeptide binding (Bcse et aL, 1996; Duina et aL, 
1996; Freeman et aL, 1996; Schneider et aL, 1996). in 
any case, geldanamycin blocks the refolding of the heat- 
denatured Raf and luciferase substrates, and this ulti- 
mately results in their degradation (Schneider et aL, 
1996). 

The crystal structure of the Hsp90-GBD reveals a 
pocket whose properties indicate that it is a likely bind- 
ing sits for the polypeptide substrate. That geldana- 
mycin, by binding in this pocket, inhibits the Hsp90- 
cataiyzed conformiational reaction both in vitro and in 
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vivo strongly argues 'that the pocket-sub srtrate interac- 
tion is a required step in this reaction. The cr^'Stal struc- 
ture of this pocket as well as that of the geldanamycin- 
pocket comptex, also provides a rational basis for the 
development of geldanamycin derivath/es with improved 
antitumor activity. 

Experimental Procedures 

idenijfi cation of the Gefdanamyctn-Binding 
- Domain of Hsp90 

Bovine Hsp90, prepared from brains as described {Koyasu el 3I., 
1 985), W2S digested by subtiiisin, and the products were deimeated 
■ by N-terminal sequencing and mass spectroscopy. The C terminus 
of the middle domain is estimated based on its mobility in SDS- 
PAGE because this fragment was not amenable to mass spectro- 
scoptc analysis. The corresponding fragments ofhumanHspSO were 
overexpressed in E. coli using the pET3d vector (Novagen). and 
the recombinant domains were purified by ion exchange and gel 
filtration chromatography. 

Crystallization and Data Colfectioo 

For crystallization, the recombinant human Hsp9D-GBD (residues 
9-235) was concentrated by ultrafim-atton to 30 mg/ml and was 
further purified by gel filtration chromatography. The geldanamycin- 
Hsp90-GBD comptex was prepared by mixing the purified protein 
with a 2-fold molar excess of geldanamycin (GIBCO-BRU. fraction- 
ation by gel filtration, and concentration by ultrafiltration to 17 mg/ 
TTil. Two crystal forms were grown ai7'C ifstng the method of hang- 
ing-drop vapor diffusion. One form {Native T and Wative2 in Table 1) 
grew from a buffer of 0.1 M sodium cacodylate (pH 6.5), 0.2 M 
ammonium sulfate, and 3D percent w/v polyethylene giycoj 8000 
fPEGSOOO) in spacegroup 1222 with a = 66.2 A. b = 90.1 A, c = 
101.2 k Another form {NativeS) grew from 0.1 M Tris-HCt. 0.2 M 
magnesium chloride, and 30% PEG4000 (pH 8.5) in spacegroup P2, 
with a 52A A, b = AA.-i^k c = 54.0 A., p = 115.7'. Crystals of the 
geldanamycin-HspSO-GBD complex (GDM complex in Table l)grew 
from a buffer of 0.1 U Trts-HCi; 0.2 M sodium acetate, and 33% 
w/v PEG4000 {pH 8.5) in spacegroup P2v with a = 53.7 A. b = 
4^.3 A. c = 54.6 A, p = 1 15.1° (same space group as Native3), and 
had a violet coloring. Data were collected on an R- AXISHC irriaglng 
plate detector mounted on a Rigaku200HB X-ray generator, at 10'C 
for NativeT and the derivatized crystals. For the other data sets, 
crystals were flash frozen at -leO-CC either in 30% PEGBOOO and 
20% glycerol {Nattue2) or in 35% PEG 4000 (fMative3 and GDm 
complex). 

Structure Determination and Refinemestt 

the heavy atom derivatives w-re prepared by soaking 1122 form 
crystals in a buffer of 75 mM sodium cacodylate. 0.1 5 M ammonium 
sulfate, and 40% PEGSOOO (pH 6.5) containing one of the fcilov/irsg 
heavy atom solutions: saturated KJ\uCI^ for 52 hr, 20 mM KjPtCl^ 
for 24 hr, and 20 mM K,PtBre for 60 hr. An additional derivative was 
obtained in 5 mM sodium cacodylate, 250 mM NaCl, 33% PEGSOOO 
with 0.5 mM 5m(0Ac)j (pH 7.0) for 14 hr. The muttiple isomorphous 
replacement (MIR) analysts was performed using the CCP4 suite of 
programs (Collaborative Computation at Project, Number 4. 1S94). 
MIR phases had a mean figure of merit of O.06 to 3.2 A and were 
improved by solvent flattening and histogram matching. The initial 
model building was followed by several cycles of refinement v^'ith 
the proaram X-PLOR (Srunger. 1991) and by weighted combination 
between model phases and MIR phases, and this allowed for a 
cominuDLS trace of residues 1 7-223. Amino acids 9-1 6 and 224-235 
in the 1222 form were not visible in the electron density maps and 
are presumed to be disordered. The P2i crystal form v.-as solved 
by molecular replacement with X-PLOR. Diffef-ence density maps 
revealed that amino acids 105-132, and especiaUy 105-112. had 
underdone significant structural rearrangement compared to the 
1222 form. In the crystals of the complex, geldanannycin.was promi- 
nent in the early diRerence electron density maps and was built 
using the crys*-al stHJCture of free herbimycin {FurusaW ei at., 1980) 
as a starting poinL In addition, in both P2i forms, the amtno-terminal 



residues 11-15 v/ere visible and modeled, vyhereas two soK'eni- 
exposed loops, 121-130 and 212-214, became partially disordered 
relative to the 1222 crystals. Residues in all modeis were in the 
allowed regions of the Ramachandran plot, uith 89% or more in ihe 
most favored regions. It is nor clear vjhat causes the conformational 
chanaein vrtrc; the L2 loop, which changes the most, is not invofved 
in any significant crystal-packing contacts, though the H5 and H6 
helices are in both crystal forms. In addition to magnesium and 
oeidanamycin, the growth of the PZ^ form can be induced by acidic 
pH as well. 
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AntiLiotics witii Ansa Rinss 
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Often "wbtsiL a-iL £.-iitibictic of nsw structural t"D£ 
appears _ oa the chemotherapeutic scene it is soon 
joined by a-dditional representatives of the same t5-pe, 
so that one can begin to speak of a class of antibiotics. 
Tiiis is the case with a nev' class of antibiotics con- 
taining an aliphatic ansa bridge,^ a bridge connecting 
t^vo nonadjacent positions of an aromatic nuclenS; for 
vvhich-th-e term '^ansamycins" has been suggested by 
Prelog. 

Thus far four representatives of this class of anti-. 
biotics have been identined — the rifamycinsj "oroduced 
by 'StreptGTTiycas mediierranei,' the streptovaricinSj 
from Strepiomyces sveciahilis,^ the tolypomycins, from 
Streptomyces iolypophorus,'^, and geldanamycin, from 
Sireptomyces hygroscopicus var. geldanus var. nova,^ 
The £rst three exist as complexes of closely related 
components; more than a dosen .indi.vidual compounds 
have been assigned to the class. Moreover^ some of the 
antibiotics have been isolated by more than one group; 
the nancimycins^'^ have been reported to be the same 
as the rif amycinsj and the ^treptovaricins are apparently 
identical witli antimicrobial substance 344?*^ as well 
as the anstmycins.^ 

Structures assigned to components of the rifamycin 
complex, rifamycins B/-^^ L,^^ and Y.^^-i^ are shown in 
J:^igure 1- those assigned to the streptovaricinSj strep- 
tovaricins A, B; 0, G, and P/^-^s ^ Figure 2, 

that of to]>3)omycin Y^^ in'Figure 3. and that of gelda- 
namyciii in Figure 4.^';^8: i^ifamycins 0-^ and SvV-^ 
originally obtained as degradation products. -of 'rifamy- 
cin B (Figure o), have been isolated from StrspiGmyces 
4107A3 and a mutant of- Sireviomycss mediierranei, 
respectively. 

Biological Acuyity 

The ansamycins a,re nqtabiy active against gram- 
positive bacteria. Some broad spectrum activity lias 
been noted for cert-ain rifamycin derivatives^^ and some 
activity against gram-negative bacteria for the strep- 
tovaricins.^ The streptovaricins repress Mycohac- 
ierium tv'berculosis^^ and murine ieprosyj^^ and rifamy- 
cin. derivatives^^'^^ are reported to be clinically 
usefulj especially in the. treatment of tuberculosis. 
Geldanamycin differs from the other ansamycins in 



^. "F' 7^' ^"p-^'^'-^'^i '^^"•» -FtoUssot of Chemistry ai the Univsrsiiy of 
liliTiois, VrhcLT^a) v>K&t^ he has been employed sinct rsoeiviTig his docforcU 
(wtzK J ames CasoTi) ai the Unive-^iiy of CaliforrvicL. Serhuev in J 95 A, 
^zs preserd rssearch zr^sresis cstUct arouTt^d hiooTQanio chemistry, 
espscdcJhj struct-ural, bio^ir^hetic, d-nd synihetic aspecis of a-ntiii-ioUcs] 
end 771055 spectT-c-nstry as appHed to hiologicaXiy interesiir^g cDTr.pourM. 
roTTnsT res-yiz-rch f. forts hcr^e indudedf prays irdo i&TTOzem ar;.d c-ydo-urBn^ 
chsmistry. 



that its principal activity is agair^t protozoa rather 
than Eg ainst b acteri a . ^ 

Curiouslyj the antibacterial activity of the ansamy- 
cm antibiotics withstands considerable variation in 
structure. Several of the streptovaricins have anti- 
bacterial activity;3.27 and all the rifamycins (A, 3/ Q 

(1) ^The term ansa compounds lyzs originally proposed by Ltlttrins- 
harts [A. LuttringhE-use. and xl. Grslheer, Justus Liebios Ann, Chem., 
5S0, 67 (1942)] for compo'urLQa of this generaJ struotnral type, usuElly 
xneta- and para-bridged bensen.es. 

(2) P. Sensi, ?. Margaliib, and M. V. Timbal, Parmaco, JSd. Sci' 
H, 146 (1959). 

(3) P. Siminog, E. K. Smitb, W. T. 3okolsH, and G. M. Savage, 
AjmcT, iJcD. Tuberc. Fulm. Dis,, 75, 576 (1957). 

(4) (a) T. Koshi, M. A^ai, M. Muroi, S. Harada, E. Miznta, S. 
Terao, X. Miki, and K Hizuno, TeiTchedron Leit,, 91 (1969) ; (b)' M. 
Shibata, T. HaaegaTra, and E. Eigashide, J. Aniihioi., 2i, 810 (1971), 

(5) C. De Boer, P. A. Meulman, R. J. Wnuk, and D. H. PeterBon, 
J. Aniihioi., 23, 442 (1970). 

(6) (a) B.. Donovick, J. P. Pagano, and J. Vandeoutte, IT. S. 
Patent 2,999,048 (Sept 5, 1951); cf, Chc-m, Absir., 55, 27792^ (1961); 
(b) J. S. P. Scbwexz, I, ArdibioL, Ser. A, 20, 238 (1967). 

.(7) H. Vamasaki, ibid:, 21, 204, 209, 222 (196S). 
(S) Dr, Helicbi Bakai, PujisaT^^a Pharmaceutical Co., personal 
ccmrminication to Dr. G. B. Whitfield, The UDjohn Co. 

(9) ,(2.) W. Oppob-r, V- Prelos, and P. Sensi^ Bxpcrieniia, 20, 336 
(1964); (b) J. Leitich, W. Oppolser, s.nd V. Prelog. ibid., 20, 343 
(1964) , 

(10) M. Jiiruiani, "vv, Pedeii, Giacomeilo, and A. Vaciaco, ibid., 
20, 339 (1964). ^ • 

(11) G. C. Lancini, G. G. GaUo, G. Sartori. and P, Sensi, /. J-niv- 
bioL, 22, 369 (1969). 

(12) J". Leitich, V. Prelog, and P. Sensi, H-xp&rierdia, 23, 505 (1967). 

(13) M. Brufani, W. Pedeli, G. Giacomeilo, and A. Vaciago, ibid., 
23, 508 (1967). 

(14) (a) K. L. Eineharfc, Jr., and P. J. Antosz, /, Antibict., in press; 
(b) A, H.-J, Wang, I. C. Paul, JC. L. Kineharfc, Jr., and F. J. Antosz, 
J. Amer. Ch&m. Soc, 93, 6275 (1971), 

(15) K. L. Rinehart, Jr., M. L. Maheshwari, P. J. Antosz, H. H. 
Mathur, K: Sasaki, and E. J. Schacht, ibid., 93, 6273 (19717. 

(16) (a) T. iCishi, S. Horanda, M. Asai, M. Muroi, and K. Misnno, 
Tcirah&dron Lett., 97 (1969); (b) K. ICamiya, T. Sugiro, Y. Wada, 
M. Nishika-wa, and T. Kishi, Bxpcricniic, 25, 901 (1989). 

(17) S:. SzzBki, 5C. L. Einehart, Jr., G. Slomp, P. Qrostic, and 
E. C. Olson, Amer. Chem. Soc, P2, 7591 (1970). 

(IS) In addition, to the componsnta shcivn. in Pio-urss 1 and 2 
riiamycins A, C, D, and E^* and streptovaricins H and 1=° have been 
rsporued.^ Both relative and absolute stereochemistry oi rifamycins 
B-and Y has been assigned, based on X-ray data'^o-^^ and degradation 
productE.^^ The relative stereochemistry of tolypomycin Y has 
aiBO been determined by X-ray crystallography. The relative 
stereochemistry shown for the streptovaricins has very recently been 
established for a streptovaricin C derivative by X-ray crystallog- 
raphy, i^^^ It is oi interest -that the stereochemistry of riiamycins B 
end Y, of tolypomycin Y, and of streptovaricin C is the same at all 
bhe asymmetric carbon atoms. Stereochemical assignments have 
not 3'et^besii made for geldanamycin; the pattern shown would 
accord (in part) with the patterns of the other ansamycins. 

(15) P. Sens! A.M. Greco, and P.. Ballotta, Aniibioi. Annu., 1959- 
1960, 262 (i960). 

(20) ^ G, B. w"hitBeld, Jr., ?. Martin, and M. L. Maheshwari, 
unp-abiished observatione. 

(21) S. Sugawara, £. Karasawa, M. V'atanabe, and T. Hidaka, 
J, ArJ^ibioi., Ser. A, 17, 29 (1954). 

(22) (a) G. LEncini and C Heng-eller, j. Aniibioi., 22, 537 (1959); 
(b) "ohe biolosical activities of the rifamycins have been reviewed very 
recently [W, Wehrli and M. Staehelin, BacierioL Rev., 35, 290 (1971)]. 

(23) L. E. Rhuland, K. P. Stern, and H. Pu. P.eames, A-mer. Rex. 
Tuhsrc. R-ulm. Dis., 75, oSS (1957) > 

(24) Y. .T. Chang, ibid., 79, 673 (1959), 

(25) (a) 3. Pa-ess and Pl. Scotti, J^niibioi. Annu., 1959-1560, 2S5 
(196G); (b) S.^'-Qrssz and P.. Scotti, FaT7P.aco Bd. Sci '6 '>^2 O^o^^ 

(26) T. M. Daniel, A^u Bngl, J. yfed., 280, 515 (1955). 
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Figiirs 1. Structtires assigned to rif arnycins. 



Dj are biologically active-'^-^s Moreoyer, a number 
of tiie deriyatiYes of rifamycin B are raore active than 
the antibiotic itself. The biological activity of rifa-- 
mycin B is retained through the sequence (Figure 5) 
of oxidation to riiamycin 0 (which forms the ketone), 
hydrolysis to rif amycin S (which removes the glycolic 
acid); and reduction to rij-iamycin 87 (which reforms 
' the hydro quinone) . 

Acyl derivatives of riiamycins B, 0, S; and SY with 
the ^ phenolic hydroxyl substituted show activity. 
. Amides of the glycphc acid acid group of rifamycin B; 
such as rif amide, 30 are also active. 'Condensation of 
rifamycin 0 (at the less hindered quinone carbonyl of • 
rifamycin tS) with various amines gave active deriva- 
tives, of which the amino guard dine derivative was 
reported to^ be the most active.^s.si Condensations 
with y-diarnino aromatic compounds gave active deriv- 
atives such as rifaziue.^^ An even more remarkable- 
transformation _with retention of biological actiAdty 
involves a Manhich reaction at the' unsubstituted hy- 
droquinone position and oxidation to the f ormyl deriv- 
ative, followed by condensation of the formyl group 
with amines (Figure 6). In these derivatives^ such as 
riiampicinj uhe anuxbacoens 



consiQeraDly enjuanccd..^^ 



i acta -Atj of the antibiotic is 



(ST) J. ?. j;'oLkertsma, \Y . T. Bokolski, ajid J, W, Sn^dpr i^T-.W 
-iTiTiii,, 1957-1958; lU (1958)-. . " . " 

. '^"^^'^^f conditions of fermentation, nota-bly on a-ddition 

Qiethylparoi-Dunc acid to the medium, the normally occ-orring com- 
plex of niamycmfi (predorainaniiy riiamycins C and D) 15 replaced 
py vnat is mostly a Biiigie enirity, rifamycin B, dinering from the 
oxaer niamycms m soiubiUty properties. ^ » Hiiamvcin S is acidic 
M^cereaE '.he other rifamycins are essentially neutral. This ability 
-uO^ODuam one component, and the most stable component at t'^of 
aided considerably in the stnictural inyestigations of the rjiar-ycins' - 
since -.ne_teaiou5 separation, preliminary to the structural investiga- 
■K-ons 01 xne sirreptovaricins, for exE.inple, was obviated. 

(29) -(a) ?. Sensi, Bcs. =roc^. OrQ.-Biol. Mad. CTnsm,, i, 338 (-igo^)' 
(D) . Epparentjy, however, the activity of acyl derivatives in antibao- 
teriai assays _is^ Que to their hydrolysis during incubation fW: Wehrli 
ana M. Staeheiin, Biochirn.. Biovhys, Ada IS"' 2^ (1969)] 

(30) P. Sensi. K. Masgi. 5.. Baliotta, PUresz, £ Pallanza, and 
y. --^joia. J. i^ed. Cherm., 7, 595 (1964). 

tp.c.r., 12, 4SS (1953). 

(32) (a) a. G. C-allo, G. R. Pascuaiucci. N. lyiagc^ R. 3aTloti= 
£fQ P, Senai, F-armcco, j^d. ScL, 21, 6S (1966); (b) H. B^c'k-i p' 

(S3) VTaggi. P.. Pallsnza, and P. Sensi, ibid., iP6o, 765 (1$S3). 
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The modes of action of rifamyciii^^'^^ and strepto- 
yaricin^^'^r antibacterial agents are very similar. 
Both antibiotics inhibit DNA-directed RNA poly- 
merase in bacterial cells more strongly than any other 
knoTvn agent, 3^ It seems hkely that both antibiotics 
act at a similar site; since E. coli resistant to one of the 
ancibiotics is also resistant to the other. Spscinc 

^■(34) G. Plartmann. K. 0. Honikel, P. KnUeel, and J. Nuesch, 
^voz'mm. Bicj}hys. Acta, 145, S43 .(195T). 

(35) H. Umesa—a, 5, Mu-xlhq, H. Yamasak^ a-"cl V---o r 
AnzibicL, 21 , 235 {19 oS) , ' ' 

(36) H. Yamasaki, S, >Ii2-uno, SI. -xitta. R. Utahara. and H. 
umssar^'a. ibid,, 21, £3 (1958). 

(37) S. Mizxmo, H. Yaznazaki, K. Ni:;ta, and H. Ume^r-Tv-a. 
Biochim . Bicvhys . A eta, 1 57 , 322 (1 9 oS) . 

(3S) Or. riartmann, "v", 3ehr. IC.-jL. Bei^sner, iZ. ard 
SippsI, ^r.p£u-. C?:£7n., SO, 710 (1963^. 

(39) K, N'itta, S. Miruno. H. Ya—azakI, and H. 'Uzr^-x^ti J 
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Figure 5. Conversion of rifamycin B to related biologically active 
compounds. 

structural requirements needed to ensure activity have 
not been ascertained. In view of the wide: variety of 
rifamycin derivatives which retain antibacterial activ- 
ity, the principal requisite feature may be the ansa 
■ bridge. Unfortunately; reports of the mode of action 
of tolypomycin and _ geldanamy cin are not available. 

.The eSect of rifamycin and strep tovairicin in inhibit- 
ing ENA polymerase recalls the similar activity of 
actinomydn; however, the mode of action appears to 
diner. Whereas actinomycin infexacts Yvith the DNA, 
rifamycin appears to interact directly with the polym- 
erase itself In the case of rifamycin, the antibiotic 
and en2ryme form a very stable complex, As expected-^ 
RNA polymerase from -rifamycin-resistant mutants 
does not form a similar complex/^ The action of ' 
ehromomycin is -the same as that, of actinomycin/^^ 
in keeping ynth ' this dinerence in mode of action be- 
tween streptovaricin-rifamycin and actinom.yc.in-chro- 
mom^^cm: (I) the former antibiotics do not interfere 
with DNA-dependent DMA synthesis,^^^ (2) -their 
effect on UNA s^mthesis is independent of the base 
composition of the DNA template/^"^ (3) they must be 
added prior^''^^ to the initiation of the polymerisation 
reaction since their specific action lies ia blocking 
iruTjiation of the P.NA synthesis/^'^^ and (4) the activity 
is much greater aginst bacterial UNA polymerase 
thaa against mammalian^" or tumor^' ENA polym-erase. 

In bacterial po^^merass studies rifampiciu (Figure 6)- 
usually is usedj although rif amycins B and SY (Figures 

■ (40) Vy. "V^'slirli, J. Naesch, 5^, Sntisel, £j:iq M. Si-aeaeHn, 3ioch-i7n. 
Bicpky& . Acta, 1S7, 215 (19^0). 

(41) Vv. "vVehrii, KnUsel, 51. Schirud. U. Staehelip., P~oc 
Nat, Aczd. Sci. u\ 2., 61, 657 (1968). 

(42) A. Sipped =ad G. Hiirtmann. Bi-ochim. Bio-ohvs. Acta. 157, 515 
(195S). _ _ - ' . ~ " ■ ' ~ 





(43} S. Mi2-un.o, 
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?'ig:ur6 6. Bzologicaily important compouuds derived from riia- 
mycin SY. 

1 and 5) also appear to be effective. Other organisms 
are inhibited by rifamycin derivatives as well Growth 
ox Anacysiis moniana (a blue-green algae representative) 
W£5 completely blocked by rifainycins B and S and 
xifam.picin, while growth-' of CJilor'ella pyrenoidosa (green 
algae) wa.? unaffected.''^ On the other hand, devel- 
opm^ent of trachoma agent was markedly inhibited by 
xifampicin and rifamycin SY but not by rifamycin B.^ 
The ansamycins are also' antiviral agents; the activ- 
ity of rifampicin has been tested with human volun- 
teers/"^ Eifampicin (Figure 4) inhibits repHcation of 
vaccinia poxvirus, and the same effect is mani- 
fested by at least one (but not by all) of the strepto- 
varicin components.^^ More recently JV-demethyhu- 
ampicin and AF/ABDMP (2,6-dimethyl-.V-demethyl- 
iV'-ben25rhifampicin), other derivatives of formylrifamy- 
cm SY (Figure 6), have been sho-wn to be much more 
potent than rifampicin in inhibiting vaccinia vims, 
Serves simplex, and pseudorabies.^^ The mode of 
_ action of rifampicin. in this inhibition of viral replica- 
tion appears to be ' different---" from that described 
m the preceding paragraphs for bacteria. The gross 
effect is inhibitich of ^drus particle for mat: en, and this 
appears to proceed by prevention of the conversion 
of oiie polypeptide to another." 

■ Most dramatic (and most recent) -of the activities of 
the ansam^ycins is that as potential antitumor agents. 
A number of derivatives of formylrifamycin SY (Figure 
6) have been shown?^ to inhibit the ENA-dependent 
DNA polymerase activity^^-^^ of several ENA tumor 
viruses. In this system fifampioin was without effect, 
but iv-demethyhrifampicin, -AF/AB? (i^^demethyk 

(44) M. Hodriguez-Lopez, M. L. Mniloz. and D. Vazauea, FBBS 
{Fed.^-uT, Bicchem. Boc) Lett,, 9, 171 (1970). 

(45) ■ Y, Becker, Naiurc {London), 231, 115 (1971). 

(46) A. Moshko-witz, N". Goldblum, and E. Heller, ibid., 229, ^22 
(1971). 

(47) S.. Heller, M.. Arsaman, H. Levy, and N, Goldblum, ibid., 
222,273 (1969), • . 

(4S) J. XI, Subak-Sharpe, M. C. Timbury,' and J. Wi]'iii'±is iHd 
222,341 (1959). 

(49) 3. K. McA,i2sl£n., Bicchem. Biophys. R&s. Commun., 37, 289 

(1969) . 

(50) (a) N. A. Quintrell and B. R. McAuslan, J. Yirol., 6, 485 

(1970) ; (b) E. B, T^n and B, H. McAuslan, B-ioohsm. Biophys. Rsz: 
CoTTvm-un,, 42, 230 (1971). 

(51) G. L. Lancini, R. Criccliio. and L. Thiry, J. Aniibioi., 24, 54 

(1971) . • ■ 

(52) (a) 3. Moss, N. Hosenblum. iB. Kats, and ?, M. Grimley, 
^■c;^:r^^ {London), 224, 12S0 (1969); (b) 5. Kats and 3. Mos=, Proc. 
.Vc^. Aaad. Sci. U. iS., 66, 577 (1970) . 

(53) C. Gurgo, H. K, Pvav, L. Tniry, e^nd Green, ^'cziire rysw 
Bi^l), 22 P, ill (1971). 

(54) H. Terr.in ar.d -S. ^rizutani. A'ei-^rs (Lcndon), 226. 'Bl""- 
(1370). 

(55) D. Baltimore, ibid., 226. 120Q (1970). 
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iV-Danzyiru8.3ipida>, gad iJF/ABDMP (2.6-ci2r.«iiv-l- 
A-aeaietnyi-iV-heMifinipiciii) were hi^hlv actiW" 
x-or inhibition of ENi-dspendeat DKA t^^Iv^I.^;, 
^c-vi^y m m-urme leukemia virus, the str^^^ovar^cu: 
ccmpiex IS reported to be highly active, co;^id£r£hiy 
more_so T-n^n.purinedst.reptov-aricins A or.C, ox rifa.T.-.v- 
oii bV, ^^^.ich m tur- are reportedly mors active than 
mampicm.^' The clinical utility of these ansamycins 
as an-E-cumor agents remains uninown. 

Structural Studies on StreptoYaricina 
^^Studies leading to the assignment of structure to 
ruamycm B have been reviewed elsewhere, Sim- 
ilarly evidence for .the structures of rifairyoin Y"-^ ' 
a^d tolypo-mycin Y'."." can be found in other sources 
I he structure assigned to geldanamycin is bas=d 
nearly entuely on interpretation of the ninr spectra of 
geldanamycm and simple derivatives or degradation 
products.'^ Consequently, we shall here exercise an 
auxiiors prerogative and concentrate our attention 
on our o^na studies of the streptovaricins. 
_ The streptovaricin complex was initially cha^-acte^- 
i^ed m M'ork at the Upjohn Company, where the anti- 
biotic was demonstrated to consist of a mixture of 
related components'^ separable by countercurrent 
disinbution, partition chromatography, and paoer 
cnromatography. In our work, we have made ext'en- 
sm use of thin (and thick) layer chromatograuhy 
m separating these orange an.tibiotics.^» In the normal 
. _ lermentaoion products streptovaricins A and C a-e 
the principal components, while a number of othe^ 
components can' be' identified in concentrates from 
T^'hich most of the A or C components have been 

Dimculty was initially encountered in establishing 
molecijlar formulas for the streptoTaricins due to their 
formation of stable complexes ^yith solvents. HoweTer, 
mass spectrometry, combined . with elemental analyses 
of samples from which solvent had been scrupulously 
removed under high vaeuum, allowed assignment of 
molecalar formulas. The molecular formulas mdi- 
cated immediately that the streptovaricins are closely 
related being either G40 or compounds with varying 
numbers of oxygen atoms; Significant^ the 
compounds contain ten C-methyl . groups (including 
uwo acetate groups), while the C40 compounds contain 
nine C-methyl groups (iacluding one acetate group) 
Accordingly, it_ was felt that the streptovaricins ^all 
contaiQ an identical carbon skeleton and that they 
difer from one another in the degree of oxveenation 
and degree of acetylatiqn.^^ This sunposiiion was 
supported by the fact that the ultrayioTet snectra of 
the streptovaricins^^ nearly identical. 
. Because the compounds share a com_mon chromo- 

(56)' W. V\^. 3rock-iaii, W: A. Carter, L.-U. Li, ? ^-u^::-- ^^-^ 
' - Sz^^^ ^^'^^ {London), 230, 0..' (iS71) . ^ 

(5S) G. 3. l^vhitrdd. Jr., S. G. Olaor. K. Kerr. J. A 1?ox M 7. 

_ (59) Z, L. P-nehart. Jr.. ?. K. M^rtin/ai^d C. E. Corerdale J 
--i-mer.. CASTn. Sac. S5, 315.9 (1955). 
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i^-igure 7. Degradation products derived from the streptovari- ' 



phoric system^ initial attempts centered on degrading 
the streptovaricins to a structural entity in which the 
chromophobe was retained. However, attempts 19 
degrade the compound by standard hydi-ol3'-tic tech-- 
niques ^Yere singularly unsuccessful The failure to 
h^drolyze contrasts ^ath the successful hydrolyses of 
rifamycin and tolj-pomycin and can be attributed 
to the -replacement of the enol ether function of the 
rifamycins and tol3rpom_ycins by a carbon-carbon bond 
in the streptovaricins. 

Initial attempts at oxidative degradation of strepto- 
varicins also yielded little information, but ultimately 
streptovaricin A was shov^m (Figure 7) to react ^vith 
2 moles of sodium periodate to give a colorless water- 
soluble product, varicinal A/^'^^ and a water-insoluble 
orange product, prestreptovarone^^-^^ Qf the other 
streptovaricins, only streptcvarichi G gave prestrepto-' 
varone on treatment with periodate. However, all the 
streptovaricins except streptovaricin D, on treatment 
WiTixi a mixt-ure of sodium periodate and osmium tetrox-- 
ide, gave streptovarone, a somewhat smaller orange' 
compound, which was shown to be related to prestrep-' 
tovarone by conversion of the latter com-pound to the 
former on oxidation -with perio date-osmium tetroxide. 
Since both compounds contain the chromophore of the 
streptovarieins,^^ attention was directed initially to th.e 
smaller compound, streptovarone."^'^' 

On mild acidic hydrolysis, strepitovarone was con- 
verted to a deep red compound lacking nitrogen, -and 
other hydrolyses of streptovarone yielded formaldehyde 
and pyruvic acid, isolated as suitable 'derivatives 
^(Tigure 8).^^ A third group of streptovarone absent 
in the deep red compound was an enol acetate function, 
identified by infrared and nmr spectra. Accordingly, 
the new aromatic compound v^a-s referred to as dapm.a- 
varone- (^feacetyldepyruvyldemethylenedioxystrepto- 

Dapmavarone in turn was further degraded, by a 
serendipitous D akin, reaction, to 3,7-dimethyl-2,5,6,S- 
tetrahydroxynaphthoquinone and 2-methyl-4-oxo- 

(50) K. L. Rinehart, Jr., and H. H. Mathur, ibid., 90, 5240 (1-96S). 
(oi) S. Sasaki, K. L. .Rir.ehart. Jr.: and F. J. Antos2. J. AnhW., 
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(S3) ?. K. Martin, Ph.D. Thesis. of Illi-ci., Ifrb:-?^. 
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(64) K. L: Kinsha-v, Jr., and F. J. Anta32, j\ AniibioL. pc-ss. 
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-T- igure 8. Degradation. prod-acts deriysd from streptovs^rone. 

2-penterLoic a-cid. The hydroxjrl and methyl groups 
in tlie QuinorLe y^jtit located by consideration of its 
nmr and mass spectra^^ and by comparison of these 
spectral properties mth those of similar componnds 
prepared in the extensiye studies of Scheuer and Moore 
on spinochromes.^= The keto unsaturated acid was 
, initially idsntined from -its nmr spectrum^^ and sub- 
sequently compared to a synthetic sample^ prepared 
by a known route. 

"With all bhe carbon atoms in streptoyarone identified^ 
there remained only the problem of putting the pieces 
together again. Since the quinone and the keto 'un- 
saturated acid had been isolated from a Daldn reaction, 
they could be assumed to be formed by the introduction 
of 1 mole of hydrogen peroxide between an aromatic 
ring and a carbonyl group of dapmavarone. Because 
the quinone has a center of symmetry, only three 
positions needed to be considered for attaching the 
carbonyl group. Ultimxately, the decision rested on 
the nmr spectrum. of_ dapmavarone. Indeed, m.any of 
the structural assignments iroin this point on rest on the 
shifting positions and splitting patterns of certain 
protons observed initially in the nmr spectrum of the 
keto unsaturated acid (a, Figure 9) , 

-LJ.1C uiciiiiiu prubuii ui uiie unsaturated aeid is lacking 
in the nmr spectrum of dapmavarone (bj Figure 9)/' 
being replaced by absorption of a new^ methylene 
group. Moreover, the olenhic methyl group has been 
shifted to a position more appropriate to a methyl 
group on a quaternarj^ aliphatic carbon. These 
changes imply addition of an oxygen function across 
bhs carbon— cErb on double bond to give an additional 
nng, an implication supported by the appearance of a 
saturated ketone's infrared absorption ' at 1725 cm.-^. 
The very low frequency of the arom-atic ketone band 
(below 1635 cm-^) indicates hydrogen bonding and 
requires the aromatic .carbonyl (removed in the Dakin 
reaction) to be located in the central position (for" 
hydrogen bonding) among the th-ree hydroxyl groups of 
the quinone (Figure S). Comparison of the properties 
of dapmavarone to those of synthetic model comoounds 
connrms the structure shown for dapmavarone in- 
i:^igure S,^^ 



(5o) (a.) C. VY\ J. Chang. E. Moore, and P. J. Sch°u-- J 
-4.771S7. CAfiTT.. Soc, S6, 2359 (1964); (o) E. E. Moo-e and P j' 
^^ciieuer, /. Ctg^Chsm., 31, 3272 (1966); (c) I. Si-:rh. P.. T. Ogata" P." 
r.*96l!)°"^' ^" ' ^' ^^"^ ^' ^' ^---"^^'^ Telrahedron, 2i,^d05S 

_ (53) C. Armengaud C-. "Vermuth, a-d j, Schrsi'ber C P ^-^^ 
i^ci., ISA, 21S1 (1952V ' — 

(67) B. C. Schlegel. Ph.D. Ti^esis. ITniversIty of niii^ois, 1959. 
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Figure 9. Chemical shifts of characteristic protons of strepto- 
varicins and their degradation products: (a) S-oxo-i-aTiVs- 
pentenoic acid^ (b) dapmavarone, (c) streptovarone (prestrep- 
. tovarone)j (d) photostreptovarone (deptovarone), (e) strepto- 
varicin A (C). 

In streptovaroae (c, Figure 9); the olennic hydrogen 
and an oiennic methyl group are found again. The- 
ketone group in th^ side chain was confirmed by the 
lormation of a dioxim_e of streptoyarone^ the other 
ketone being in the pyruy amide group. The func- 
tional group in streptc5varone which is hydrplysed to 
formaldehyde was identified 'as a methylenedioxy 
group by its appearance at low field in the nmr spectrum, 
with the methylene protons being deshielded by two 
oxygen atoms. The amide function was identified 
by the. nitrogen atom's neutrality and hydrogen ex- 
change and located by comparison of its properties to 
those of 2-amin.onaphthoquinone and S-hydroxynaph- 
thoQuincne.^^ 

ii-iunougn Tine partial structure in the enolic portion 
of the molecule obviously involved a methylenedioxy 
group and enol acetate; as shown here^ it was not clear 






. 0^ 












COCH3 



which two of the three oxygens the methjdene group 
was spanning or, by diiierence, which oxygen was 
mvolwed in the enol acetate group. This v/as ulti- 
m.ately assigned by consideration of the structure of 
photostreptovarone, discussed below, which vvas first 
observed as a yellow spot appearing on thin layer 
plates during chromatography .of the orange strepto- 
varone. 
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.Figare 10. Structures of photostreptovarone a-nd related prod- 
ucts. 

More careful radiation studies in solution allowed 
the isolation of pHotostreptovarone.^^ The molecular 
form-ala of phbtostreptoyarone indicated loss of GiHeOs 
(the - elements of acetic anh^^dride) from, streptoy axons 
and, indeed, acetic anhydride could be identified as a 
product of the photolysis. The yellow compound 
itself was shown^ by comparison of its ultra.yiolet spec- 
trum to those of related compounds, to be an 8-hydroxy- 
phenalenenone (Eigure 10), which would be formed via 
the intermediate dihydrophenalenone shown. A hy- 




drolysis product, -deptovarone (depyruvylphotostrep- 
iovarone), was also prepared. The methyl and hydro- 
gen groups ■€mpql3'ed in assigning the structures of 
dapmayaxone and.streptoyarone appear at the appro- 
priate aromatic^ positions in phot ostreptovar one (d,- 
Figure 9). The isolation of photostreptoyarone and 
its assigned str^jeture defme the locations of the meth- 
ylenedioxy and end acetate groups in streptcyarone. 
Taken together, these lines of argument allowed assign- 
ment of the structure of streptoyarone.^-^^"^ 

The structxire^ of the immediate precursor of strep- 
toyarone,- prestreptoyarone, was ■ apparent once the 
structure of streptovarone was estabhshed, since the 
nmr spectrum of prestreptcyarone indicated an addi- 
tional unsaturated m.ethyl group and three olennic 
h3-drogens. "The chemical shifts and couphng con- 
stants 01 these hydrogens indicated the stereochem- 
i3tr3^ shown hers.^^'^^'"° Photoprestreptoyarone, with 
structure analogous to photostreptoyarone, was ob- 

(383 K. J-. Sdliaciit and K. L. Rmelia-rt, Jr., J". Atti&t. Chem. Boc 80 
2239 (1957). ' 
. (59) L. Hineliart, ^-r., H. H. MatW, SasaH. ?. F Martin 
aad^G. ^. Covsrdsle, ihid,, 90, 6241 (19.6S). 

()'0) Tile sisreocherQiEtry of an e airly sample of prsstreotoTarone 
—as assigned^s as trans, trans insteac of tbs'trans.cis skiers ociisisistr v 
3no-;Y-ii n-h.idi is siso that of uhe B^reptovarieins.'^ Appareniiiy 'the 
■dien amide s vstem is cr2 eriz e? fi-i-' » v . 
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tained from photol3^sis of prestreptcyarone (figure 10), 

With the structure of prestreptoyarone in hand, 
attention was directed toward the colorless water- 
soluble product from periodate oxidation of strepto- 
varicin 'A, yaricinal A.^°'^^ Although the electron- 
impact-produced mass spectrum of yaricinal A did not 
giye a molecular ion,- its molecular formula^ could' be 
assigned from the occurrence of pealcs at M — 31 and 
M — IS whose juxtaposition indicated them to be frag- 
m.ent. ions rather than molecular ions. A field-emission 
mass spectrum of yaricinal A gaye a strong molecular 
ion and confirmed the molecular formula.'^ 

The structure of yaricinal A (Figure 7) rests on its 
iiinr spectrum and those of related compounds deriyed 
from streptoyaricin C.^^ Indiyidual peaks in the 
spectra occur at appropriate positions, and spin de- 
couphng (Figure 11) indicates which of the protons are 
on adjacent carbon atoms. From the nmr spectr^um 
of yaricinal A relative stereochemistry?- at the atoms 
in the six-membered ring can be assigned (Figure ^) 
it is the same as that found in the rif amycins (Figure I) 

From the structures of prestreptoyarone and yari- 
cinal A one can develop the structure of streptovaricias 
A and C,^^-^^-^^ remem_bering that 2 moles of periodate 
is required to cleave streptovaricin A to prestrepto-- 
varone and yaricinal A. The nmr spectra of the strepi 
tovaricins indicate that aH the oxygens of the strept<i- 
varicins which' are found in yaricinal A are present in th^ 
streptovaricins as hydroxyl, acetate, or carbomethoxyl 
groups/ lea^dng as the only positions available for 
attachment to the prestreptoyarone part of the molecule 
the terminal carbons, as shown in Figure 11. On^ 
point of attachrnent must be the e carbon of the oxb^ 
dienamide unit in prestreptovarone. The carbohyl 
group at that position must have existed as a tertiary 
alcohol m streptovaricin A. In prirxiple, that carbon 
could have been attached to either aldehyde carbon -"bf 
yaricinal A. However, spin-decoupling experiments 
carried out on streptovaricins A and G and related 
compounds (Figure. 11)^^ completed the linking of th'e 
carbon atoms of yaricinal A vdth those of the prestrep- 
toyarone dien amide unit . • - : : : 

The second point of attachment (and the second 
point of periodate cleavage) was more dimcult to locator 
It is particularly significant that one of the olefinic 
m^ethyl groups of streptovarone appears in streptor 
varicin A (e. Figure 9) as a deshielded aliphatic maxhyl 

(71) M. ChalT;, T. W, Shannon. J. ~\ . A-y, and r. W. Mc- 
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rigurs 11, Cbemica.! shifts and coupling of yaricinai A protons 
and related protons in streptov^ricins. 

groupj indicating the tetragonal nature cf the carbon 
to which it is attached and suggesting an oxygen sub- 
stituent. The latter point was connrmed by the ap- 
pearance of the quaternary carbon at 82.9 ppm from 
tetramethyisilane in the ^^C nmr spectrum of strep- 
toyaricin a region appropriate for a hydroxyl- 
substituted carbon atom.^^ . The only carbon in the 
diene side chain of streptovarone which is appropriate 
fox a >0(CH3)0- group is as shown in the partial 
structure here. The methylenedio>ry group appears 




HOT 



as an AB quartet. In the spectrum, of streptovarone 
that group appeared as- a very broad absorption whieii 
eould be. sharpened to a singlet on heating or spirt into 
an AB_ quartet on cooling. In ph.otostreptoTarone, 
the peak occurs as a singlet (d, Figure 9). Thus. the 
structures of streptovaricins A and^'C are assigned as 
shown in Figure 2/ 

With the struct-iures of streptovaricins A and G in 
handj we turn to the structures of the other strepto- 
varicins. As mentioned, these compounds must aU 
be closely related in light of their similHr molecular 
form^ulas — most likely hj a comm.on carbon skeleton 
dineriiLg in degree of oxygenation and acet3dation. 

A ^jsefnl tool in assigning structures to the strepto- 
varichis -^vas 'mass spectrometry. Mass spectra of 
nearhy ail tne streptovaricins contain strong peaks in 
the lower mass region at 390, 324, 297, and 269. 
'liese peaks were initially a source of perplexity, even 
after determination of high-resolution spectra and 
assignment cf struci-ures to strr.ntvnv.ariHr-.^^ A ^r^A r. 



m tnat tnere is no contiguous set of atoms in strepto- 
varicins A and C which couid lead to fragment ioi^ 
having this composition. Howeverj the perplexity 
vras resolved vrith the observatior-s that prestreoto- 
varone and photoprestreptovarone give intense ions 
at m/e 390; 297, and 269, that streptovarone' and 
photostreptovarone give peaks at m/s 324, 297, and 
269, and that deptovarcne gives peaks at m/e 297 and 
269.-=-'' These results indicate a process occurring 
in the mass spectrometer akin to the photolytic process 
observed in solution (Figure 10) and the streptovaricin 
fragmentation joins the gro■v^dng list of mass spectral- 
photochemical analogies, ^3 indeed; a metastable ion 
has been found indicating the one-step loss of G^HqOs 
(acetic anhydride) from the M - 43 ion (m/e 426) of 
streptovarone."^- Since not only streptovaricins A and 
0 but streptovaricins B, B, F, and G all give the m/e 
390, 324, 297, and 269 peaks, the other streptoyaricius 
must also contain the structural unit of streptovaricins 
A and C giving rise to the peaks. 

A second useful tool was period ate oxidation, both 
in assigning the amount of per io date consumed and in 
establishing the formation of prestreptovarone or the 
lack thereof. Thus, only streptovaricin G besides 
streptovaricin A gives prestreptovarone on treatment 
with sodium periodate, consuming 2 moles of oxidant. 
This cleavage indicates a hydroxyl in the e position of 
the dienamide for streptovaricin G. Lacking an ace- 
tate of streptovaricin A, it is assigned the structure in 
Figure 2. Streptovaricins B, 0, E, and F do not give 
prestreptovarone on cleavage vdth periodate but react 
with 1 mole of periodate to give compounds which 
retain both the chromophoric unit and the complete 
side, chain: Streptovaricins B, C, and E do not have 
a hydroxyl at C-6 of the macrolide ring; F has a pro- 
tected hydroxyl at G-7 of the ring. 

In assigning structures to' the other streptovaricins, 
100- and 220-MH2 nmr spectroscopy were employed 
throughout, and essentially every proton could be 
located and assigned. The spectrum of streptovaricin' 
G (Figure 11), as the most abundant streptovaricin, has 
been stu-died most extensively and has been eom.pared 
carefully to those of the other streptovaricins. Struc- 
t'oral parameters deduced by these nmr spectral com- 
parisons have been connrmed by chemical evidence. 
Streptovaricin 3 has one acetate' unit lacking in strep- 
'tovaricin G; it is located at the same position as in 
streptovaricin A. Acetylation of streptovaricins B 
and G gives a common product, as does acetylation of 
streptovaricins A and G.^° Streptovaricin E has a 
m_olecular formula two hydrogen atoms less than that of 
streptovancm G and its infrared spectrum contains an 
extra carbon^d group, which its nmr spectrum locates 



C72) R. J, SchacH Ph.D. Thesis, L'liiysrsity of niL^ois, 1939. 
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at C-Y of the side ch^in. jDn reduction wi^h sodmm. 
boroiiydxide strsptova^ricin Ji; gives strepto~aricin 

'1-he inost distinculy diifererLt strepto">riciD5 are 
strsptGvaricins D and I\ Sursptovaricin D Las one 
oxygen £;toni less than strrptovaricin G and one of the" 
aliphatic singlet methyl groups in the nmr spectra of the 
other strepto-varicin.3, is replaced by a methyl doublet 
at higher neld. Streptovaricin D is not cleaved by 
sodium periodate at all, in accord with its lack of hv- 
droxyl groups at G-6 and The mass spectrum of 

streptovaricin D lacks the characteristic' peaks at 
m/e 390, 324, 297, and 269 found in the spectra of the 
other streptovaricins and its structure is assigned as 
shoMm in Pigure 2. 1^ 

The molecular formula of streptovaricin F suggests 
it to 'be related to streptovaricin G but lacking the 
elements of metbanoL This is confirmed by their 
respective nmr spectra in that the methoxyl group 
absorption of tke other streptovaricins is absent in -the 
spectrum of streptovaricin F and the G-7 proton is 
shifted do-wmfield^(due to acylation of the C-7 hydrorjd) 
relative to the spectra of other streptovaricins,^^ 

Biosjntkesis 

Little work has been reported dealiag vdth the bio- 
sjmthesis and bio conversion of the ansamycins. In-, 
spection of their formulas suggests the highly branched 
side chains are likely formed from acetate and propio- . 
nate (malonate and methylmalonate) units/^ or, possi- 
bly, from acetate vit-h subsequent methylation of the 
pclyacetate chain by methionine or another one-carbon 
unit. Preliminary results concerning the primary ■ 
source of the carbon atoms of rifamycin B indicate that 
propionate is a good precursor ' but that methionine is^ 
incorporated only in the methoxyl group^^-^^ The 
naphthoquinone .rings may also be derived from 
■ acetate-propionate or from, acetate with subsequent 
methylation/* However, an alternative pathway to : 

(74) J. Vr. Corcoran and M. Chicl: in "Bios^'ntbesis of ini^- 
biotics/' Vol. J. snell, Ed, Ac^dsmk Press, Ne^ York, N. 
1965, p 159. . 

(75) Sens!, unpublished results, 

(76) V. PreiDg, personal cosamuni cation. 



naphmoquinone rings could be iirvolved, such as that 
involving shikimic and glutamic acids. ^'^^ 

Bioconversicns of seme of xhe rifamycins have been 
reported. Labeled rifamycin B added to the fermenta- 
tion medium has been shown to be con.A^£i ted to rifamv- 
cin y , by hy-droxylation and oxidation.'^ ?df amycin B 
itself IS derived from rifamycin as is rifam^ycin L, the 
isom^er of rifamycin B.^^ The latter two comuonents 
appear to interconvert, but not directly, since aromatic 
ring-labeled rifamycin L gives labeled rifamycin B but 
label in the glycolate unit of rifamycin L is not retained 
in rifamycin B. Pdiamycin 0 has been proposed to be 
an intermediate for both>^ 

Future. Directions 

The ansamycins represent some of the most cornplex 
antibiotics thus far isolated, and further members of 
this family will presumably be reported. .The very' 
high activit}^ of the com_pounds promises continuing 
interest in them, both as tools of molecular biology 
through study of them mode of action and as potentially ' 
useful chemotherapeutic agents. In the latter capac- 
ity^ it seems likely that the remarkable latitude allowed 
in structural modincation with retention of biological 
activity will prompt further investigation along these 
lines. Moreover, the demonstrated ability to direct' 
■ Sirepiomyces mediterranei toward production of one" 
selected component of the rifamycins suggests the 
promising nature of continuing efforts toward biologica,! 
modifieation of all th ese antibioti cs . 
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